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Phelps, Anna, M.S., Summer 2015           Geology 
 
Facies, architecture, and sequence stratigraphy of the Devonian-Mississippian Sappington 
Formation, Bridger Range, Montana 
 
Chairperson: Marc S. Hendrix 
 
The Late Devonian-Early Mississippian Sappington Formation in Montana is a marine 
unit comprised of lower and upper organic-rich shale members and a middle calcareous siltstone 
member. The Sappington Formation was deposited during a period of complex paleogeography 
in Montana, characterized by deposition in sub-basins and onlap onto structural highs, and 
eustatically- and tectonically-driven transgressive-regressive cycles. Detailed outcrop analysis 
was conducted on the Sappington Formation across the Bridger Range in southwestern Montana 
to better understand the Sappington Formation depositional system and changing regional 
paleogeography. The Sappington Formation is further interpreted in a stratigraphic architectural 
framework to improve the ability to predict hydrocarbon reservoir heterogeneity within Late 
Devonian-Early Mississippian strata more regionally.  
Fourteen facies within the Sappington Formation are identified: 1) organic-rich mudstone 
and siltstone; 2) silty mudstone; 3) clay-rich, calcareous siltstone; 4) quartzose siltstone, 5) 
interlaminated siltstone and mudstone; 6) lenticular siltstone and mudstone; 7) wavy siltstone 
and mudstone; 8) combined flow siltstone; 9) ripple laminated siltstone; 10) convoluted siltstone; 
11) tabular siltstone; 12) low-angle-stratified sandstone; 13) fossiliferous dolomite; and 14) 
oncoid-bearing floatstone. Genetically related facies are assigned to facies associations that 
generally represent deposition along a wave-storm-dominated prograding shoreface-shelf system 
sourced from the Beartooth Shelf to the south. Stratigraphic sequences, surfaces, and systems 
tracts are interpreted based on facies relationships, depositional processes, and regional stratal 
stacking patterns. The sequence stratigraphic framework includes two full depositional 
sequences, the oldest including a TST and HST, the second including a TST, HST and FSST, 
and a third sequence containing a TST and HST continuing into the overlying Lodgepole 
Formation. Depositional sequences are interpreted to be controlled by glacioeustatic, third-order 
sea level fluctuations, whereas basin geometry and configuration is inferred to be tectonic in 
origin.  
Analysis of facies stacking and stratigraphic architecture indicate significant lateral 
lithologic heterogeneity on the field and reservoir scale. Observed facies heterogeneity and 
architectural complexity of the Sappington Formation may help explain hydrocarbon production 
heterogeneity of the contemporaneous Bakken Formation in the Williston Basin and might have 
strong implications for new development and secondary recovery for the Bakken Formation in 
the Williston Basin. 
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1. INTRODUCTION 
The Late Devonian-Early Mississippian Bakken Formation is the primary source 
and reservoir rock for unconventional oil and gas production in the Williston Basin. 
Several studies on the geology of the Bakken Formation have been published in recent 
years (eg., Angulo et al., 2008; Kohlruss and Nickel, 2009; Simenson et al., 2011; 
Angulo and Buatois, 2012; Egenhoff and Fishman, 2013) but despite these recent papers, 
the geologic controls on the highly variable hydrocarbon production rates of the Bakken 
Formation across the Williston Basin (Anna et al., 2010; Theloy and Sonnenberg, 2013) 
are still poorly understood.  
Sequence stratigraphy is widely regarded as a tool to understand and predict 
facies distribution within sedimentary basins (eg., Payton, 1977; Vail et al., 1977; 
Mitchum et al., 1977; Van Wagoner et al., 1988; Catuneanu, 2006). In recent years this 
concept has been applied to the Bakken Formation in several areas of the Williston Basin 
(Smith et al., 1995; Smith and Bustin, 2000; Angulo et al., 2008; Egenhoff et al., 2011; 
Angulo and Buatois, 2012b). Based on analysis of limited rock core and electronic log 
data from the Williston Basin, the best reservoir facies observed in the Bakken Formation 
are associated with deposition of shoreface sandstone in the Lowstand Systems Tract 
(LST) (Smith and Bustin, 2000) or offshore transition sandstone in the Highstand 
Systems Tract (HST) (Angulo et al., 2008; Angulo and Buatois, 2012b). The best source 
facies are associated with deposition of offshore marine to distal shelf mudstone 
associated with the Transgressive Systems Tract (TST) (Smith and Bustin, 2000; Angulo 
et al., 2008; Angulo and Buatois, 2012b).  
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Despite these generalities, the lithological and architectural complexity of these 
units within a sequence stratigraphic framework is difficult to evaluate from one-
dimensional core and well log data from the subsurface. In contrast, outcrop data 
provides the ability to document two- and three-dimensional facies architectures, and 
outcrop analogs have proven to be an indispensable tool for predicting lithologic 
heterogeneities associated with subsurface petroleum systems (e.g., Zeito, 1965; Glennie, 
1970; Weber, 1987; Miall and Tyler, 1991; Anastas et al., 1998; Poppelreiter and Aigner, 
2003; Barnaby and Ward, 2007; Koehrer et al., 2011; Zecchin and Caffau, 2012). To this 
end, documentation of detailed facies variations, depositional environments, and 
sequence stratigraphy from outcrops of rock that is time-equivalent and analogous to the 
Bakken Formation will provide a critical forecasting tool for the variable production rates 
in the Williston Basin. 
The Late Devonian-Early Mississippian Sappington Formation in Montana is 
contemporaneous with the Bakken Formation in the Williston Basin (Klapper, 1966; 
Huber, 1983; Hayes, 1985; Karma, 1991; Savoy and Harris, 1993; Kaufmann, 2006; 
Johnston et al., 2010). The Sappington Formation contains lithofacies similar to those of 
the Bakken Formation (Achauer, 1959; Gutschick et al., 1962; Nagase, 2014; Nagase et 
al., 2014), and it is exposed in laterally continuous sections within the Bridger Range, 
Montana (Figure 1), representing an excellent outcrop analog for the Bakken Formation. 
This study integrates detailed outcrop-based facies analysis of the Sappington 
Formation with the stratigraphic architecture of major depositional elements in order to 
characterize the heterogeneity of diachronous facies distributions associated with those 
elements, their position within a sequence stratigraphic framework, and the inferred 
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regional paleogeography. Results from this study improve the ability to predict 
hydrocarbon reservoir heterogeneity within Late Devonian-Early Mississippian strata 
more regionally, including the Williston Basin. 
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2. REGIONAL FRAMEWORK 
The Sappington Formation in southwest Montana is comprised of three 
unconformity-bound lithostratigraphic members: a lower organic-rich mudstone member, 
a middle calcareous siltstone member, and an upper organic rich mudstone member 
(Achauer, 1959; Gutschick et al., 1962; Nagase, 2014; Nagase et al., 2014). The 
Sappington Formation unconformably overlies the Late Devonian Three Forks Formation 
and is overlain by the Early Mississippian Lodgepole Formation (Achauer, 1959; 
Gutschick, 1964) (Figure 2).  
The Sappington Formation is unequivocally regarded as a marine unit (Achauer, 
1959; Gutschick et al., 1962; Nagase, 2014; Nagase et al., 2014), but there is a lack of 
consensus on the generalized depositional environments for the formation. Gutschick et 
al. (1962) interpreted the shales of the Lower and Upper Members to have been deposited 
in a restricted shallow lagoon under reducing conditions, whereas Grader and Doughty 
(2011), Adiguzel (2012), Nagase (2014) and Nagase et al. (2014) interpreted a restricted 
offshore marine depositional environment. The Middle Member siltstone has been 
interpreted to represent deposition in a shallow marine bank to tidal flat-deltaic 
environment by Gutschick et al., (1962), Grader and Doughty (2011), and Adiguzel 
(2012) and an offshore transition zone to middle shoreface environment by Nagase 
(2014) and Nagase et al. (2014). In this paper, I build on these previous studies and 
present an alternative depositional model, based on original outcrop observation and 
interpretation of facies processes, paleocurrent dispersal directions, and sedimentary 
architectural elements.  
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During Late Devonian to Early Mississippian time, the Sappington Formation was 
deposited in an isolated sub basin on the western margin of North American (Peterson, 
1981; Nagase, 2014) (Figure 3). Western North America was located very near the 
Equator and was covered by a shallow, epicontinental sea (Scotese and McKerrow, 
1990).  The Sappington Formation depositional basin was bounded to the north by the 
Central Montana Uplift and to the south by the Beartooth Shelf (Dorobek et al., 1991; 
Nagase, 2014). Although the Antler Orogeny was likely emergent to the west after the 
Middle Devonian, the Central Montana Trough was separated by the Antler foredeep 
from any major siliciclastic input from the west (Sandberg et al., 1982). 
The Bridger Range in southwest Montana consists of a steeply-dipping section of 
metamorphic and sedimentary rock, ranging in age from Precambrian to Cretaceous, and 
contains some of the best exposures of the Sappington Formation (McMannis, 1952, 
1955). The Sappington Formation outcrops are located on topographically high ridges 
throughout the range. 
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3. METHODOLOGY 
The data collected for this paper was largely acquired in the field through detailed 
outcrop analysis in the Bridger Range in southwestern Montana. I measured and 
described six main outcrops: Saddle Peak (SP), Ross Peak (RP), Potter’s Gul (PG), Dry 
Canyon (DC), Hardscrabble Peak (HP), and North Cottonwood (NC) and two outcrop 
transects, with measured sections spaced at approximately 20 to 60 m intervals at Saddle 
Peak (SPT) and Dry Canyon (DCT). The study area is approximately 35 km2  between 
latitudes 45°56’ and 45°47’ N and longitudes 111°0’ and 110°56’ W (Figure 1). At each 
outcrop, the natural gamma radioactivity spectra was collected at 10-centimeter intervals 
in the Lower and Upper Members and at 50-centimeter intervals in the Middle Member 
of the Sappington Formation. Raw spectral gamma ray data were converted to API 
(American Petroleum Institute) units (Appendix C).  
I processed 39 samples for petrographic analysis and bulk x-ray diffraction 
(XRD). Thin section petrographic analysis was conducted on a Leica DM-LP polarizing 
microscope and individual grains were measured with SPOT Advanced software. 
Seventy-five total organic carbon (TOC) samples were collected from the basal, organic-
rich Sappington Formation member to the upper, organic-rich Sappington Formation 
member. Results from TOC analysis were included in mudstone lithofacies 
characterization. High-resolution photomosaics of outcrops were taken from helicopter 
and provided a largely undistorted few of the depositional elements and stratigraphic 
architectures. Munsell HVC (hue value/chroma) colors were used to describe fresh and 
weathered surfaces. To-scale cross-section correlation of the Sappington Formation 
across the Bridger Range was constructed and hung on the regional flooding surface at 
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the base of the Upper Member, to provide the framework for documenting large-scale 
architectural elements.  
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4. FACIES ANALYSIS 
Sedimentary facies (Table 1) are defined based on lithology, sedimentary and 
biogenic structures, bioturbation index, thin section petrography, bulk mineral x-ray 
diffraction (XRD) (Table 2), and total organic carbon (TOC) (Table 3). For bioturbation 
index, I used the scheme of zero (no bioturbation) to six (complete bioturbation) (Taylor 
and Goldring, 1993). I interpreted depositional processes and environment for each 
facies; interpreted environments range from siliciclastic-dominated offshore marine 
through distal upper shoreface and carbonate-dominated bioherm. Facies are organized 
into facies associations based on their genetic relationships and are described below. 
Facies analysis drives depositional environment interpretations for each facies 
association. 
 
Offshore Facies Association 
Description 
The Offshore Facies Association is comprised of fine-grained deposits that are 
indicative of suspension settle-out of pelagic and hemiplegic mud below wave base 
(Figure 4). This facies association includes three facies: organic-rich mudstone and 
siltstones (F1), dolomitic mudstone (F2), and calcareous muddy siltstone (F3). 
 
Facies 1: Organic-rich mudstone to siltstone 
 This facies encompasses three subfacies: organic-rich mudstone; silty, organic-
rich mudstone; and muddy, organic-rich siltstone. Organic-rich mudstone and siltstone 
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comprises the Lower and Upper Members of the Sappington Formation throughout the 
Bridger Range. 
 
Facies 1a: Organic-rich mudstone  
Facies 1a is dark gray to black (N4.25 to 1.5) or very dark grayish brown (2.5Y 
3/2) organic-rich, thinly-laminated mudstone (Figure 4A). Tasmanites microfossils, 
Radiolaria, and detrital silt-sized quartz grains (mean size 11 µm) are common. This 
facies is not bioturbated. In outcrop, mudstone lithologies weather from gray to black 
(N5.25 to 2.75) or light yellowish brown to very dark grayish brown (10YR 6/4 to 2.5Y 
3/2). Lamina set thickness ranges from 7 cm at DC to 1.91 m at NC. This subfacies has 
the highest TOC (max. 15%) of Facies 1 (Table 1). 
 
Facies 1b: Organic-rich, silty mudstone 
Facies 1b is gray to black (N5 to 1.5) or very dark grayish brown (2.5Y 3/2), 
organic-rich, laminated to thinly-bedded, silty mudstone with Tasmanites microfossils 
(Figure 4B). There is local pinch and swell lamination with lower very fine-grained sand 
sized radiolarian (85 µm) and mudstone. The bioturbation index is 0. Detrital framework 
grains are quartz and are moderately well-sorted and sub-rounded to rounded; mean grain 
size is fine silt (11 µm). This facies weathers from dark gray to very dark gray (N4 to 3.5) 
or very dark grayish brown to light gray (2.5Y 3/2 to 2.5Y 7/2). Lamina set thickness 
ranges from 13 to 57 cm. Facies 1b is differentiated from Facies 2 by a total organic 
carbon content >2%, presence of recrystallized radiolarian, and finer grains. 
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Facies 1c: Organic-rich, muddy siltstone  
This facies is dark gray to black (N4.25 to N2.25) or dark olive brown (2.5Y 3/4), 
organic-rich, thinly-bedded, muddy siltstone (Figure 4C). Detrital framework grains are 
quartz and are moderately well-sorted and sub-rounded to rounded; mean grain size is 
coarse silt (46 µm). This facies weathers to dark gray to very dark gray (N4.25 to N3.5) 
or brownish yellow to dark grayish brown (10YR 6/6 to 2.5Y 4/2). Bed thickness ranges 
from 1 to 6 cm. The bioturbation index ranges from 0 to 2, with local Chondrites trace 
fossils (Figure 4C). Bedding thickness ranges from 1 cm to 6 cm with average bedding of 
2 cm. 
 
Facies 2: Dolomitic, silty mudstone  
This facies is a gray to black (N5.25 to N2.25) or very dark grayish brown (2.5Y 
3/2) laminated to thinly-bedded, silty mudstone. Detrital framework grains are quartz, 
feldspar, dolomite, mica, and pyrite and are well-sorted and sub-rounded to rounded; 
mean grain size is coarse silt (36 µm). The bioturbation index is 0 to 3 with monospecific 
Chondrites trace fossils. This facies weathers to grayish brown to olive gray (2.5Y 5/2 to 
5Y 4/2) or very dark gray (N3.25). Lamina set thickness ranges from 13 cm to 60 cm. 
This facies is differentiated from Facies 1b by a total organic carbon content < 2%, 
absence of radiolarian, and coarser grains. 
 
Facies 3: Calcareous, muddy siltstone  
This facies is a light yellowish brown to olive gray (10YR 6/4 to 5Y 5/2) 
laminated to thinly-bedded, clay-rich, dolomitic siltstone. The bioturbation index is 2, 
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with a monospecific Palaeophycus trace fossil assemblage. In places, beds are heavily 
bioturbated, with a bioturbation index of 4 to 5. Detrital grains are quartz, feldspar and 
mica and are moderately well-sorted and sub-rounded; mean grain size is coarse silt (45 
µm). This facies weathers to light olive gray to olive gray (5Y 6/2 to 5Y 5/2). Facies 3 is 
present solely in the middle of the Middle Member of the Sappington Formation.  
 
Interpretation: Facies 1-3 
I interpret Facies 1 through 3 to represent deposition dominantly by suspension 
settle-out processes in an anoxic to oxic, offshore marine environment (Figure 6). Grain 
size and composition, sedimentary structures, and bedding present in Facies 1 and 2 
suggest suspension settle-out of pelagic sediment from surface waters as the main 
depositional process. These two facies record the most distal depositional environment of 
the Offshore Facies Association. The presence of Tasmanites suggests eutrophication and 
subsequent algal blooms (Shaw et al., 2003) and the high total organic carbon content is 
indicative of preservation of organic-matter in oxygen-depleted bottoms waters. The low 
organic carbon content of the Facies 2 indicates either decreased biological productivity 
or lower preservation of deposited organic matter, due to partial bottom oxygenation or 
consumption of organic matter by heterotrophic organisms and bacteria (Becker, 2013).  
The abundance of silt-size detrital quartz in Facies 3 is indicative of sustained 
input of terrigenous sediment. The presence of laminations as the only sedimentary 
structures suggests that sediment was transported in the water column by plumes or 
transported by wind and subsequently settled-out in a more distal position to the 
shoreline. Facies 3 is therefore interpreted to represent suspension settle-out deposits of 
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hemiplegic mud and detrital quartz grains with concurrent colonization of organisms, in a 
proximal offshore marine to distal offshore transition zone environment. 
 
Offshore Transition Facies Association 
Description 
The Offshore Transition Facies Association is situated landward of the Offshore 
Facies and is comprised of interbedded siltstone and mudstone representing suspension 
settle-out and episodic storm deposition processes below wave base. This facies 
association includes five facies: quartzose siltstone (F4), interlaminated siltstone and 
mudstone (F5), lenticular siltstone and mudstone (F6), wavy siltstone and mudstone (F7), 
combined flow siltstone and mudstone (F8), tabular siltstone (F11), and fossiliferous 
dolomite (F13). 
 
Facies 4: Dolomitic, quartzose siltstone  
This facies is a dark gray to very dark gray (N4.25 to N3.5) or light brownish gray 
(10yr 6/2) dolomitic, quartzose siltstone with faint, discontinuous laminations. The 
bioturbation index is 2 to 4, with Teichichnus and Palaeophycus traces present. Detrital 
framework grains are predominantly quartz, with accessory feldspar, and mica and are 
moderately well-sorted and sub-rounded; mean grain size is coarse silt (41 µm). Many 
quartz grains have overgrowths and silica cement is common. Bioclasts are bone 
fragments and algal material. This facies forms resistant beds averaging 11 cm thick, and 
weathers to brown to dark brownish brown (7.5YR 5/2 to 10YR 4/2). Facies 4 occurs 
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locally in the uppermost Upper Member of the Sappington Formation at PG and DC, 
where it is interbedded with Facies 1b and 1c.  
 
Facies 5: Interlaminated siltstone and mudstone  
This facies is a pale yellow to olive gray (5y 8.5/2 to 5y 5/2) laminated to thinly-
bedded siltstone and dark gray to black (N4.75 to N2.75) mudstone (Figure 4D). Siltstone 
beds contain local, starved unidirectional ripples. The bioturbation index is 2 to 3 with 
Palaeophycus and Planolites traces being the most prominent. Framework grains are 
quartz and feldspar and are moderately well-sorted and sub-rounded to rounded; mean 
grain size is coarse silt (59 µm). Lamina set thickness ranges from 52 cm to 242 cm. The 
siltstone weathers to gray to dark yellowish brown (N6.5 to 10YR 4/4). Facies 5 occurs 
solely in the Middle Member of the Sappington Formation.  
 
Facies 6: Lenticular, dolomitic siltstone and mudstone  
This facies is a pale brown to grayish brown (2.5Y 8.5/2 to 2.5Y 5/2) lenticular, 
dolomitic siltstone thinly-interbedded with mudstone to muddy siltstone beds. Siltstone 
beds contains bidirectional and unidirectional ripples. Framework grains are quartz and 
feldspar and are well-sorted and sub-angular to sub-rounded; mean grain size is coarse 
silt (44 µm). The bioturbation index is 2, locally 3, with monospecific Palaeophycus 
trace fossil assemblages. This facies weathers to pale brown to light brownish gray (2.5Y 
8/2 to 10YR 6/2). Bed sets range in thickness from 5 cm to 12 cm. Facies 6 occurs in the 
upper Middle Member of the Sappington Formation.   
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Facies 7: Wavy, dolomitic siltstone and mudstone  
This facies is a very pale brown (10YR 7/4) wavy-bedded, dolomitic siltstone 
interlaminated with mudstone or muddy siltstone (Figure 4F). Siltstone beds contain 
bidirectional, and locally unidirectional, ripples. Framework grains are quartz and 
feldspar and are well-sorted and sub-rounded to rounded; mean grain size is coarse silt 
(45 µm). The bioturbation index for this facies is 0. This facies weathers to brownish 
yellow (10YR 6/6). Bed set thickness ranges from 6 cm to 86 cm. Facies 7 is present in 
the Middle Member of the Sappington Formation, often overlying tabular siltstone (F11).  
 
Facies 8: Dolomitic, combined flow sandy siltstone and mudstone  
This facies is a light gray to grayish brown (10YR 7/2 to 2.5Y 5/2) dolomitic, 
combined flow sandy siltstone and mudstone. Siltstone beds are massive with sinuous 
bedding plane ripples. Mudstone and siltstone partings drape combined flow siltstone 
beds. The bioturbation index ranges from 0 to 3 with Palaeophycus traces being the most 
common. Framework grains are quartz and feldspar and are well-sorted and sub-rounded 
to rounded; mean grain size is coarse silt (60 µm). This facies weathers to light gray to 
olive gray (2.5Y 7/2 to 5Y 5/2). Bed sets range in thickness from 9 cm to 105 cm. Facies 
8 is present in the Middle Member of the Sappington Formation.   
 
 
Facies 11: Tabular, dolomitic siltstone 
This facies is a very pale brown (10YR 7/4) tabular-bedded, dolomitic siltstone. 
Beds are massive to parallel laminated with sharp bases. Bioturbation index ranges from 
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2 to 3 and is restricted to bedding planes; Palaeophycus traces are most common. 
Framework grains are quartz, mica, and dolomite and are moderately well-sorted and 
sub-rounded; mean grain size is coarse silt (34 µm). Bedset thickness averages 11 cm. 
This facies weathers to brownish yellow (10YR 6/6). Facies 11 is present in the Middle 
Member of the Sappington Formation underlying wavy-bedded siltstone of Facies 7 
(Figure 4F).  
 
Facies 13: Fossiliferous, silty dolomite  
 This facies is a light brownish gray to dark grayish brown (2.5Y 6/2 to 2.5Y 4/2) 
fossiliferous, silty dolomite with crinoid ossicles, and debris from brachiopods, 
bryozoans, and various microfossils (Figure 4E). The bioturbation index ranges 2 to 4 
with Palaeophycus, Planolites, and Skolithos traces being the most common. Locally 
traces are constrained to bedding planes, but more frequently distributed throughout 
individual beds. Bedding is commonly massive or characterized by local, faint parallel- to 
ripple-lamination. Dolomite comprises 63% of this facies (bulk mineral XRD) and is 
predominantly authigenic. Detrital framework grains are quartz and mica; mean grain 
size is medium silt (29 µm). Fossils are disarticulated to fully-articulated and range in 
size from sub-mm microfossils to 4 cm complete brachiopods. At NC, a 2 cm thick 
brachiopod horizons with whole, articulated brachiopods imbricated along the long axis 
was observed 8.04 m above the base of the section. Facies 13 weathers to light gray to 
light yellowish brown (2.5Y 7/2 to 10YR 6/4) with bed set thickness ranging from 2 cm 
to 44 cm. Facies 13 is present in the lower Middle Member of the Sappington Formation. 
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Interpretation: Facies 4-8, 11, 13 
I interpret facies in the Offshore Transition Association to represent deposition by 
waning storm events and suspension settle-out of silt-size detrital quartz during times of 
quiescence in the offshore transition environment (Figure 6). Facies 4 is interpreted to be 
a localized, individual event bed. Bioturbation by Teichichnus and Palaeophycus trace 
makers from the Cruziana ichnofacies suggests colonization following event deposition 
in the lower shoreface to lower offshore in a dysoxic to oxic environment (Pemberton and 
MacEachern, 1992).  
Facies 5 and 6 are interpreted to have been deposited by suspension settle-out in a 
dysoxic offshore environment, with frequent terrigenous sediment influx via low 
concentration storm deposits and subsequent current reworking. The bioturbated silt 
laminations of Facies 5 suggest periodic influx of terrigenous sediment and oxygenated 
water to support Planolites and Palaeophycus trace makers. Additionally, ripple 
laminations indicate either wave- or current-induced traction transport, likely from storm-
induced currents. The interlaminated dark gray to black mudstone suggests either 
reducing bottom water conditions or a high rate of sediment influx, necessary for the 
preservation of organic matter. Thinly-interbedded siltstone and mudstone of Facies 6 
suggests background suspension settle-out of clays with periodic terrigenous sediment 
influx.  
Facies 7 is solely present overlying tabular, dolomitic siltstone (F11). Tabular 
bedding and parallel lamination in Facies 11 indicate deposition in the upper plane bed 
flow regime. Bedding plane bioturbation suggests episodic colonization during 
quiescence following deposition. The sharp based beds of this facies suggests scouring of 
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the underlying strata. This facies is therefore interpreted to represent deposition by upper 
plane bed flow as a result of resuspension of sediment during a storm. In combination 
with the overlying wavy-bedded siltstone of Facies 7, these two facies are interpreted to 
represent to Tb and Tc layers of a Bouma turbidite (Bouma, 1962). 
Internally, siltstone beds in Facies 8 lack sedimentary structures but commonly 
have bedding planes oscillatory ripples, indicative of storm deposition and subsequent 
oscillatory reworking. Mud drapes and siltstone partings between beds suggest 
suspension settle out during quiescence following storm events.  
The low clay content and disarticulated fossils of Facies 13 is suggestive of 
winnowing of clays and is evidence of wave reworking. The imbricated whole 
brachiopod horizon suggests redeposition by storm or rip currents. The presence of 
detrital grains, as well as allochems, suggest a mixed terrigenous/carbonate depositional 
environment. Wholly marine biota – echinoderms and brachiopods – indicate normal, 
open marine conditions. The lack of high energy shoreface structures suggests deposition 
below fair weather wave base environment. This facies is therefore interpreted as having 
been deposited in the offshore transition with periodic storm events. 
 
 
 
Middle to Upper Shoreface Facies Association 
Description 
The Middle to Upper Shoreface Facies Association is present in the Middle 
Member of the Sappington Formation and is comprised of ripple-laminated siltstone, 
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convoluted siltstone, and low-angle stratified sandstone that collectively represent 
traction transport of bedload and load deformation processes in a wave-dominated middle 
to upper shoreface environment. This facies association includes three facies: ripple-
laminated siltstone (F9), convoluted siltstone (F10), and low-angle-stratified to trough-
cross-bedded sandstone (F12). 
 
Facies 9: Ripple-laminated, dolomitic siltstone 
Ripple-laminated siltstone are present in the Middle Member of the Sappington 
Formation throughout the Bridger Range. This facies encompasses two subfacies: ripple-
laminated siltstone and bioturbated, ripple-laminated siltstone. 
 
Facies 9a: Ripple-laminated, sandy, dolomitic siltstone  
The ripple-laminated dolomitic siltstone subfacies consists of light gray to light 
brownish gray (5Y 7/2 to 10YR 6/2) dolomitic, ripple-laminated, sandy siltstone (Figure 
5A). Ripples are predominantly bidirectional with local silt partings or mud drapes; 
unidirectional ripples occur locally. The bioturbation index is 0 to 1; the only traces 
recognized are Palaeophycus. Framework grains are quartz, feldspar, and dolomite and 
are moderately well-sorted and sub-rounded to rounded; mean grain size is coarse silt (61 
µm). This facies weathers to very pale brown to strong brown (10YR 8/4 to 7.5YR 5/6). 
Bed set thickness ranges from 4 cm to 71 cm. 
 
Facies 9b: Bioturbated, ripple-laminated, dolomitic sandstone  
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This facies is a pale brown to yellowish brown (2.5Y 8/4 to 10YR 5/4) 
bioturbated, dolomitic, ripple-laminated sandstone (Figure 5B). Ripples are 
predominantly bidirectional; unidirectional ripples occur locally. The bioturbation index 
is 1 to 6 with Palaeophycus, Planolites, Diplocraterion, and Skolithos trace fossils; 
bioturbation locally completely obliterates bedding and all other physical sedimentary 
structures. Framework grains are quartz, feldspar, and dolomite and are moderately well-
sorted and sub-rounded to rounded; mean grain size is very-fine grained sand (65 µm). 
This facies weathers to yellow to light olive brown (10YR 8/6 to 2.5Y 5/4). Bed set 
thickness ranges from 4 cm to 261 cm. 
 
Facies 10: Convoluted, dolomitic siltstone  
 This facies is a light brownish gray to pinkish gray (2.5Y 6/2 to 7.5Y 6/2) 
dolomitic siltstone with convoluted structures (Figure 5C). Convoluted structures form 
asymmetrical, ellipsoidal structures with sub-horizontal axes. Internal lamina are 
concentric or complexly folded. No bioturbation was observed. Framework grains are 
quartz and feldspar and are well-sorted and sub-rounded to rounded; mean grain size is 
coarse silt (45 µm). This facies weathers to pale brown (2.5Y 7/4). Bed set thickness 
ranges from 28 cm to 77 cm. Facies 10 is present in the upper Middle Member of the 
Sappington Formation as one discrete interval. 
 
Facies 12: Low-angle-stratified to trough-cross-bedded, dolomitic, very fine-grained 
sandstone  
20 
 
This facies is a very pale brown to grayish brown (10YR 8/4 to 10YR 5/2) low-
angle-stratified to trough-cross-bedded, dolomitic lower very fine-grained sandstone 
(Figure 5D). Local bidirectional and unidirectional ripples are characteristic, as is local 
soft sediment deformation. Bioturbation is absent. Framework grains are quartz, feldspar, 
and dolomite and are well-sorted and sub-rounded; mean grain size is lower very fine 
sand (77 µm). This facies weathers to light yellowish brown to dark grayish brown 
(10YR 6/4 to 2.5Y 4/2). Bed set thickness ranges from 2 cm to 103 cm. Facies 12 is most 
prevalent in the southern parts of the study area, at the SP sections.  
 
Interpretation: Facies 9-10, 12 
I interpret these facies to represent deposition in a storm influenced, wave-
dominated, high energy, middle to upper shoreface environment with high rates of 
sedimentation (Figure 6). Although clays are visibly present in Facies 9, they make up 
only 11% of the bulk mineralogy. The low clay content suggests winnowing through 
wave reworking and abundant wave-ripple cross lamination further supports a wave-
dominated system. The coarser-grained nature and heavy bioturbation of Facies 9b may 
suggest deposition in a more proximal location on the shoreface relative to Facies 9a, 
where wave energy was higher, resulting in a better oxygenated environment conducive 
to colonization by trace makers. The presence of Skolithos traces in Facies 9b, is further 
evidence for a proximal shoreface environment and high levels of wave energy 
(Pemberton and MacEachern, 1992). 
Convoluted structures and lamination in Facies 11 formed in partially liquefied, 
unconsolidated sediment from gravity-driven load deformation. Alternatively, sediment 
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loading and liquefaction can be caused by strong offshore (storm) currents (eg., Molina et 
al., 1998; Myrow et al., 2002) or seismic activity (eg., Sims et al., 1975; Patil Pillai and 
Kale, 2011; Wallace and Eyles, 2015). The occurrence of low-angle-stratified bedding 
and trough-cross-bedding in Facies 12 suggests high rates of deposition reworked by 
breaking waves, as well as rip and longshore currents, in the breaker zone. The lack of 
bioturbation and clays further support high rates of sedimentation and frequent wave 
agitation.  
 
Carbonate Buildup Facies Association 
Description 
The Carbonate Buildup Facies Association includes oncoid-bearing floatstone and 
represents carbonate growth in a low energy environment below fair weather wave base, 
but within the maximum storm weather wave base. 
 
Facies 14: Oncoid-bearing, fossiliferous floatstone  
Facies 14 occurs once in the stratigraphic section, in the Middle Member of the 
Sappington Formation, directly overlying mudstones and siltstones of the Lower 
Member. This facies is a light brownish gray to dark grayish brown (2.5Y 6/2 to 2.5Y 
4/2) oncoid-bearing, dolomitic floatstone with brachiopods, bryozoans, and echinoderms 
(Figure 5E, F). No bioturbation was observed. At NC, bedding is massive and there are 
no sedimentary structures present whereas at RP, the floatstone forms 3 cm to 5 cm thick 
beds. Within beds, oncoids and fully articulated, to partially articulated, fossils are 
scattered and randomly oriented in a siliciclastic-carbonate mud matrix. Oncoids range in 
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size from micro-oncoids that are less than 3 mm across, to macro-oncoids that are 10 cm 
across. Oncoids with the smallest mean cross-sectional area (2 cm by 2 cm) are preserved 
at NC, the locality in which oncoids also are most abundant and less well-rounded. At SP 
at the opposite (south) end of the Bridger Range transect, the mean oncoid cross-sectional 
area is largest (3 cm by 2 cm) and oncoids are less abundant and better-rounded.  
Oncoids are predominantly sub-spherical to elliptical; some are flattened on one 
side, suggesting prolonged residence in one position prior to eventually being turned 
over. Brachiopods most commonly form the nucleus, and some oncoids contain a 
grapestone nucleus. Micritic laminae surrounding the nucleus are comprised of 
discontinuous hemispheroidal layers. Detrital, coarse silt grains (mean size 61 µm) are 
dominantly quartz, feldspar, or mica. In outcrop, this facies weathers to light gray to 
brown (2.5Y 7/2 to 7.5YR 5/4).  
 
Interpretation: Facies 14 
I interpret the oncoid-bearing carbonate floatstone facies to represent deposition 
as a low-energy, carbonate buildup (Figure 6). Whereas marine oncoids are often 
associated with high-energy, shallow-water environments, they can also grow in low-
energy, deeper-water environments, with low light intensity (Flügel, 2004). The 
asymmetrical shapes and hemispheroidal layers of the oncoids, as well as the fine-grained 
siliciclastic-carbonate mud matrix comprising the laminae, strongly suggest deposition in 
low sedimentation, quiet-water conditions. The lack of sedimentary structures and 
abundance of carbonate mud suggests deposition offshore, below storm weather wave 
base. The occurrence of larger, better-rounded oncoids present at the southern outcrops 
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suggest deposition in a more proximal location relative to the smaller, more angular 
oncoids present at the northern sections. Larger, rounder oncoids reflect shallower 
conditions with wave reworking sufficient to round the oncoids, whereas the smaller, 
more angular oncoids were likely transported offshore from the main carbonate buildup 
and deposited in a more distal setting still within the photic zone, but probably below fair 
weather wave base. There, the oncoids continued to grow at a slower rate. Periodic, large 
storms likely provided the energy for episodic reworking of actively-forming offshore 
oncoids. 
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5. SEQUENCE STRATIGRAPHIC FRAMEWORK  
Sequence stratigraphy is a key tool for developing predictive models for facies 
relationships, depositional processes, regional stratal stacking patterns, and reservoir 
quality and connectivity. A depositional sequence is comprised of unconformity-bound, 
genetically related strata that reflect a full cycle of base-level changes (Catuneanu, 2006). 
There are various sequence models used in sequence stratigraphic analysis, defined by 
the location of the “sequence boundary” and the encompassing systems tracts. This study 
uses the Depositional Sequence IV model (Hunt and Tucker, 1992, 1995; Plint and 
Nummedal, 2000; Catuneanu, 2006), with a placement of the sequence boundary (SB) at 
the end of the Falling Stage Systems Tract (FSSB) when the shoreline is at its most 
basinward position. 
 
5.1  Sequences 
The Sappington Formation in the Bridger Range includes two complete 
depositional sequences (Figure 7). A third depositional sequence encompasses parts of 
the Sappington Formation and continues into the Lodgepole Formation. All three 
sequences occur regionally and are mappable across much of central Montana (Nagase, 
2014; Nagase et al., 2014). 
The base of the Sappington Formation in the Bridger Range is marked by a 
regional unconformity between the Lower Member of the Sappington Formation and the 
underlying Three Forks Formation (Figure 7 and 8). This unconformity is characterized 
by an abrupt shift in facies from siltstone and carbonate lithologies of the Three Forks 
Formation to organic-rich mudstone of the Lower Member of the Sappington Formation 
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across the Bridger Range. In addition, the postera Zone conodont assemblage is missing 
across the Three Forks – Sappington contact (Gutschick et al., 1962; Klapper, 1966) 
(Figure 2). This surface is interpreted as a sequence boundary (SB1) and the base of the 
first depositional sequence. 
Across the Bridger Range, a sharp contact in the Middle Member of the 
Sappington separates offshore siltstone facies from overlying shoreface siltstone facies. 
This surface is interpreted to be a correlative conformity that marks the end of base-level 
fall. As such, this contact represents a second sequence boundary (SB2) and separates 
Sequences 1 and 2. Based on conodont biostratigraphy, Sequence 1 spans approximately 
5 million years (Klapper, 1966; Huber, 1983; Hayes, 1985; Karma, 1991; Savoy and 
Harris, 1993; Kaufmann, 2006; Johnston et al., 2010) (Figure 2) and is therefore 
interpreted to be a third order sequence (Schlager, 2010).   
The top of the Middle Member is marked by a second regional unconformity and 
significant hiatus with missing conodonts from the sulcata Zone to Upper duplicata Zone 
(Gutschick et al., 1962; Klapper, 1966) (Figure 2). In the Big Snowy Mountains, about 
400 km northeast of the Bridger Range, a subaerial unconformity characterized by 
erosional relief and a thin pebble lag marks this contact (Nagase, 2014). In the Bridger 
Range, this contact is characterized by a shift from shoreface siltstone facies to offshore 
mudstone facies interpreted to reflect the change in depositional regime from regressive 
to transgressive and the end of base-level fall. This contact is interpreted to represent the 
seaward equivalent of the subaerial unconformity reported by Nagase (2014) from the 
Big Snowy Range at the top of the Middle Member. In the Bridger Range, this contact is 
interpreted to be a correlative conformity and is therefore is the third sequence boundary 
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(SB3), marking the transition from Sequence 2 to 3. Based on conodont biostratigraphy, 
Sequence 2 spans approximately 1 to 5 million years (Klapper, 1966; Huber, 1983; 
Hayes, 1985; Karma, 1991; Savoy and Harris, 1993; Kaufmann, 2006; Johnston et al., 
2010) (Figure 2) and is therefore interpreted to be a third order sequence (Schlager, 
2010). Sequence 3 continues vertically into the overlying Lodgepole Formation. 
 
5.2  Surfaces 
Sequence stratigraphic surfaces are defined based on an abrupt transition in facies 
stacking and depositional regime as controlled by base-level changes. This study 
identifies five sequence stratigraphic surface types in the Sappington Formation of the 
Bridger Range: sequence boundaries (SB), flooding surfaces (FS), maximum flooding 
surfaces (MFS), regressive surfaces of marine erosion (RSME), and basal surfaces of 
forced regression (BSFR) (Figure 7,8). Sequence boundaries and flooding surfaces within 
the Sappington Formation commonly form composite surfaces of the correlative 
conformity (sensu Van Wagoner et al., 1988; Hunt and Tucker, 1992).  
 An abrupt shift in facies from siltstone and carbonate of the Three Forks 
Formation to offshore mudstone in the Lower Member of the Sappington Formation is 
present at NC, HP, and RP, and inferred at SP. This facies shift is interpreted to mark the 
onset of base-level rise and regional flooding. As such this flooding surface (FS1) and 
SB1 form a composite surface. Above FS1/SB1, the Lower Member mudstone facies fine 
upwards, become increasingly clay-rich at NC, HP, RP, and SP, and have increasingly 
high TOC values at NC and HP (Figure 7). The top of this fining-upward interval is 
interpreted to be a maximum flooding surface (MFS1).  
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Overlying the MFS1 at NC, RP, and SP are progradational, gradually upward-
coarsening mudstone and siltstone beds of the Lower Member. At NC and HP, a 
secondary increase in total GR and TOC characterizes this upward-coarsening section 
before an abrupt facies shift occurs from muddy siltstone (mudstone at HP) to oncoid-
bearing floatstone at the top of the Lower Member and base of the Middle Member 
(Figure 7). This abrupt shift in facies is a sharp contact across the Bridger Range and is a 
undulating contact at NC. Regionally, this stratal package thickens and is more clay-rich 
to the north, consistent with the interpretation that the basin-facing direction represented 
by the Bridger Range sections was to the north. The abrupt shift in facies from lower 
mudstone to oncoid-bearing floatstone, and sharp undulating contact across the Bridger 
Range represents a drop in base-level and coincides with missing Middle expansa Zone 
conodonts (Gutschick et al., 1962; Klapper, 1966; Sandberg et al., 1988) (Figure 2) and is 
therefore interpreted as a regressive surface of marine erosion (RSME). 
Overlying the oncoid-bearing floatsone at NC and HP is fossiliferous, sandy 
dolomite which grades into ripple-laminated and combined flow siltstones. At RP, this 
unit is overlain by combined flow siltstone and lenticular siltstone and mudstone; this 
section is covered at PG, DC, and SP. Regionally, this stratal package is sharply overlain 
by offshore clay-rich siltstone, well exposed at NC, HP, and SP, and inferred from a 
break in topographic slope at DC, PG, RP and SP, where this interval was covered. The 
contact between shoreface siltstone and overlying offshore siltstone is interpreted to 
represent the end of base-level fall and the onset of base-level rise. This surface is 
therefore interpreted to be a composite surface, marking both a correlative conformity 
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and a regional flooding surface (FS2). As such, this surface forms SB2 which marks the 
contact between the first and second sequence.  
At NC and HP, offshore clay-rich siltstone facies overlying SB2 gradually fine 
upwards and then coarsen upwards into laminated siltstone and mudstone facies of the 
offshore transition zone. This facies shift represents the end of shoreline transgression 
and the beginning of shoreline regression and is therefore interpreted to be a maximum 
flooding surface (MFS2). This surface is speculated to occur at PG and RP but is 
covered. 
Laminated siltstone and mudstone overlying MFS2 coarsen upwards at NC and 
HP within the same facies (F5) and coarsen upwards into shoreface siltstones at DC, PG, 
RP, and SP. At NC and HP, a sharp contact between offshore transition siltstone and 
overlying shoreface siltstone characterizes this portion of the section. At DC, PG, RP, 
and SP, this contact is expressed as a surface of downlap between progradational lower to 
middle shoreface facies and younger, more proximal, progradational facies. This surface 
is interpreted to represent the onset of forced regression of the shoreline and is interpreted 
as a basal surface of forced regression (BSFR). 
Strata overlying the BSFR shoal upwards across the Bridger Range. At the top of 
this package, there is an abrupt shift in facies across the Bridger Range from prograding 
shoreface siltstone and lower very fine-grained sandstone facies to retrograding offshore 
mudstone and siltstone facies. This shift from retrograding to prograding strata indicates 
the end of base-level fall and the onset of base-level rise. As such, this surface is 
interpreted to be composite sequence boundary (SB3), representing both a correlative 
conformity and a regional flooding surface (FS3).  
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At NC, HP, and PG, retrograding facies above the FS3/SB3 fine upwards briefly, 
and are associated with an increase in TOC, total gamma ray values and clay-content 
(Figure 7). Overlying this package are progradational strata associated with a decrease in 
TOC, total gamma ray values, and clay-content. A maximum flooding surface (MFS3) is 
interpreted to be present at the contact between retrogradational and prodragational strata. 
This contact marks the end of shoreline transgression. At DC, RP, and SP, MFS3 is 
correlative with FS3 which is marked by an abrupt shift from shoreface siltstone facies 
below to offshore mudstone facies above. 
Overlying MFS3 are offshore mudstone and siltstone facies that coarsen upwards 
to an abrupt contact with crinoidal wackestone of the Lodgepole Formation. This sharp, 
regional contact represents a secondary regressive surface formed during normal 
regression. This surface is not classified as a formal sequence stratigraphic surface 
because it lies within a systems tract. Prograding and aggrading carbonate clinoforms of 
the Lodgepole Formation downlap this secondary regressive surface across the Bridger 
Range. 
 
5.3  Systems Tracts 
Systems tracts within the depositional sequences are defined based on facies 
stacking patterns and the character of the bounding surface. Each systems tract is closely 
associated with a specific type of shoreline shift. Three systems tracts have been 
recognized in the Sappington Formation: transgressive systems tract (TST), highstand 
systems tract (HST), and falling-stage systems tract (FSST) (Figure 7 and 8).  
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The lowermost strata of the Lower Member are characterized by retrogradational 
stacking and an overall upwards-fining, typical of base-level rise during transgression. 
The change from Three Forks Formation siltstone and carbonate lithologies to the Lower 
Member offshore mudstone lithologies is further evidence for a rise in base-level 
following deposition of the Three Forks Formation. These strata are separated by a 
regional unconformity (SB1) at the base and MFS1 at top, and are therefore interpreted as 
a TST. This TST thickens to the north, is associated there with increased TOC and total 
gamma ray values, and is interpreted to represent an overall deepening of the basin to the 
north. The fine-grained, organic-rich facies (F1 and F2) in this TST suggest an anoxic to 
dysoic offshore marine depositional environment. 
Progradational strata bound by MFS1 and FS2/SB2 overlie the TST. At RP and 
SP, facies coarsen upwards from the oncoid-bearing floatstone into shoreface siltstones. 
At NC and HP, facies coarsen upwards into fossiliferous dolomite from the oncoid-
bearing floatstone and further shoal into shoreface siltstone. This upward-coarsening 
sequence is associated with a vertical decrease in total gamma ray values and an increase 
in quartz and dolomite content across the range (Figure 7). 
In addition to shoaling, these facies in the Middle Member grade laterally from 
more proximal shoreface siltstone facies in the southern section outcrops (paleo-
landward), to more distal siltstone facies at the northern outcrop sections (paleo-
basinward). The shoaling-upwards of offshore mudstone to shoreface siltstone facies and 
significant vertical decreases in clay content and total gamma ray values reflect a 
deceleration in the rate of base-level rise and consequent normal regression of the 
shoreline. As such, these strata are interpreted to represent a HST at the end of Sequence 
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1. Siltstone facies within the HST (F8, F9, F13, F14) indicate a proximal offshore to 
middle shoreface environment of deposition.  
The superposition of offshore mudstone facies over shoreface siltstone facies 
across SB2 (Figure 7 and 8) indicates a shift in depositional regimes from regressive to 
transgressive. Offshore facies at the base of Sequence 2 fine-upwards to MFS2, further 
supporting the interpretation of a relative rise in base-level. These strata bound by 
FS2/SB2 at the base and MFS2 at the top are interpreted to represent a TST. Interbedded 
siltstones and mudstones (F3) within the TST indicate an offshore marine environment of 
deposition. Progradational strata overlying the TST coarsen-upwards to the BSFR across 
the Bridger Range. In addition to shoaling, these facies grade laterally from more 
proximal shoreface siltstone facies in the southern section outcrops (paleo-landward), to 
more distal siltstone facies in the northern outcrop sections (paleo-basinward) (Figure 8). 
This shoaling strata is interpreted as a HST, bounded by MFS2 at the base and the BSFR 
at the top. The top bed of the HST package at the southern outcrops sections contains 
distinct convoluted bedding and scours (Figure 5C). This bed is correlative across the 
southern Bridger Range and is inferred to have had original depositional dip of about 
0.02° to the north, calculated by correlating these beds in a cross-section hung on the base 
of the Upper Member (Figure 11).  
HST is characterized by upwards-shoaling, shoreface to offshore transition facies 
(F5, F8, F9) gently dipping to the north. These lithologic and architectural elements 
suggest a prograding shoreface-shelf depositional system. Within this systems tracts, the 
presence of rippled siltstone in offshore mud, ripple lamination and sharp-based siltstone 
beds indicate common wave and storm influence. Unidirectional ripples in this HST 
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section indicate that paleoflow was oriented SW (average 242°); bidirectional ripples 
indicate predominant N/S (mode 355°/175°) paleoflow. The paleoshoreline during this 
HST is interpreted perpendicular to oscillatory paleoflow indicators and is oriented E/W. 
Given north-dipping bedding, paleoflow indicators, and the orientation of the shoreline, 
the primary sediment source is likely from the east-west trending Beartooth Shelf to the 
south. 
Overlying the HST are progradational, downstepping, clinoforms, evidenced by 
lateral stacking of clinoforms and clinoform rollover, typical of forced regression of the 
shoreline. These strata grade laterally from more proximal coarse siltstone and lower very 
fine sandstone containing planar and trough-cross-bedding in the south (paleo-landward) 
to distal facies in the north (paleo-basinward) which are more heavily bioturbated, siltier, 
and contain more bidirectional and unidirectional ripple lamination. Additionally, this 
stratal package has consistently lower clay-content and lower total gamma ray values 
than the underlying HST. Bounded by the BSFR and FS3/SB3, these strata are 
interpreted as a FSST. This systems tract preserves the most proximal profile of the 
Sappington Formation in the Bridger Range.  
The FSST thickens significantly to the north (paleo-basinward) from 5.35 m at SP 
to 8.64 m at NC (Figure 8). The thinner package in the south (paleo-landward) is 
attributed to a progressive decrease in accommodation near the shoreline due to rapid, 
forced base-level fall and a seaward shoreline trajectory. Additionally, wave processes 
are more erosive on low-gradient seafloors than high-gradient seafloors in a shallow 
marine setting during base-level fall (Catuneanu, 2006). Sharp bedding contacts in the 
more proximal facies in this unit at SP (Figure 5D) indicate that sediment from the upper 
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shoreface and foreshore may have been reworked and deposited basinward, creating a 
thicker stratigraphic package deeper in the basin.  
Based on correlation across the Bridger Range, with the base of the Upper 
Member as the datum, these strata form north-dipping (paleo-basinward-dipping) 
clinoformal siltstones that downlap onto the BSFR. This correlation is driven by observed 
proximal to distal sedimentologic relationships and dips calculated from direct 
observation of architectural elements and physically traceable correlative event beds. The 
correlation is corroborated by lateral facies relationships and depositional dips of 
analogous modern prograding shorefaces (Rine and Ginsburg, 1985; Nittrouer and 
DeMaster, 1986; Faruque et al., 2014).  
Primary depositional dips for bedding in the FSST range from 0.04° for basin-
scale clinoforms, to 5.4° for internal clinoform bedding. Dips are corrected for structural 
dip, but dip angles are not corrected for post-depositional compaction because of the 
absence of information about the burial depth and detailed diagenetic alterations. The 
calculated dip of dipping beds interpreted from the photomosaic at HP is approximately 
5.4° (Figure 9). I interpret these relatively steeply dipping beds to represent dipping beds 
within a clinoform.  
The depositional dip at DC is calculated to range between 1.0° (dip-oblique) to 
1.3° (Figure 11). This range in dip angles is attributable to variations in basin geometries 
and stratal hierarchies. Whereas the steep beds in the HP section are interpreted to 
represent dipping bedforms within a clinoform, the event bed reflects the true dip of the 
depositional slope at the time of deposition and therefore is interpreted to represent a 
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more accurate estimation of the regional depositional dip across the shoreface to offshore 
profile.  
The upwards-shoaling, downlapping shoreface facies (F8, F9, F12) of the FSST 
dipping to the north and is suggestive of a prograding shoreface-shelf depositional 
system. Oscillatory ripples, sharp-based siltstone beds, and structure-less tabular beds 
with reworked and bioturbated bedding planes within this systems are further evidence of 
wave and storm modulation. Paleoflow indicators in the FSST indicate that unidirectional 
paleoflow was oriented SW (average 254°) and oscillatory paleoflow was oriented 
predominantly NE/SW (68°/248°). The paleoshoreline during this FSST is interpreted to 
have been perpendicular to oscillatory paleoflow indicators and oriented NW/SE. Given 
north-dipping clinoformal bedding, paleoflow indicators, and the orientation of the 
shoreline, the primary sediment source was likely from the east-west trending Beartooth 
Shelf to the south. 
Calculated clinoformal dip values in the underlying HST are lower than in the 
FSST and are associated with a change in dominate paleoflow direction from NW/SE in 
the HST to NE/SW in the FSST (Figure 14). The controls behind this change in 
paleoflow direction are difficult to constrain but could be due to several variables, 
including changing basin geometry, an increase in sediment supply or accommodation, or 
a subtle change in sediment source i.e. lobe or feeder channel switching at the shoreline. 
Analogous modern, prograding, fine-grained, shoreface-to-shelf environments 
exhibit comparable seafloor gradients to depositional dips observed in the Sappington 
Formation. The wave-dominated coastal zone of the Ganges delta in eastern India has a 
continental shelf gradient of 0.036° (Faruque et al., 2014). In Suriname, seafloor 
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gradients along the mud-, wave-dominated coast are 0.029°-0.057° in the shoreface, 
0.057°-0.082° in the offshore transition zone, and 0.034° on the shelf (Rine and 
Ginsburg, 1985). The Amazon continental shelf exhibits a middle shelf gradient of 0.115° 
and inner shelf gradient of 0.019° (Nittrouer and DeMaster, 1986). This range of 
gradients from 0.029° to 0.057° in the shoreface and 0.019° to 0.115° on the shelf is 
consistent the 0.04° calculated dip for shoreface-to-shelf basin-scale clinoforms within 
the Upper Member of the Sappington Formation. 
Abruptly overlying the FSST are offshore mudstone and siltstone facies of the 
Upper Member. These facies fine-upwards to MFS3 and suggest deposition during 
relative base-level rise and transgression of the shoreline. Bounded by FS3/SB3 and 
MFS3, this strata is interpreted to represent a TST. Progradational offshore facies above 
the TST coarsen-upwards from MFS3 and generally suggest deposition during late stages 
of base-level rise. These strata are interpreted to represent a HST that continues upward 
into the Lodgepole Formation. The base of the TST and the contact between the Middle 
and Upper Member is a regional unconformity marked by subaerial exposure in the Big 
Snowy Mountains (Nagase, 2014). The fine-grained facies (F1, F2) present in the TST 
and HST in the Upper Member mark a shift from a wave-storm dominated, prograding 
shoreface environment to an anoxic to dysoxic, offshore marine environment.  
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6. CONTROLLING MECHANISMS 
 
6.1  Eustacy 
Depositional sequences within the Sappington Formation closely coincide with 
documented glacioeustatic cycles during the Late Devonian to Early Mississippian. The 
Late Devonian is characterized by falling sea level, due to Southern Hemisphere 
glaciation, with interglacial transgressive pulses (Sandberg et al., 2002). Deposition of 
the Lower Member organic-rich mudstone (TST 1) is correlated to a major transgression 
during an interglacial episode that began in the Early expansa Zone (Johnson et al., 1985; 
Sandberg et al., 1986, 2002) (Figure 13). This transgression is characterized by warm 
ocean currents and the flourishing of megafauna and conodonts in North America 
(Sandberg et al., 2002). Following the major transgression in the expansa Zone, 
glaciation in the Southern Hemisphere caused a major fall in sea-level that began during 
the Middle praesulcata Zone (Caputo and Crowell, 1985; Sandberg et al., 2002; Haq and 
Schutter, 2008). The regressive, prograding shoreface siltstone facies of the Middle 
Member (FSST) are correlated to this global fall in base-level. There was a minor 
transgression in the sulcata Zone, followed by a major rise in sea level and global 
transgression in the Lower crenulata Zone (Sandberg et al., 1986). The transgression in 
the sulcata Zone is represented by a regional unconformity and significant hiatus with 
missing sulcata Zone to Upper duplicata Zone conodonts in the Sappington Formation 
(Gutschick et al., 1962; Klapper, 1966). Deposition of the Upper Member mudstone (TST 
3) is correlated to this global rise in base-level in the sulcata through crenulata Zones. 
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Similar basin-scale changes in base-level are present in the Bakken Formation in the 
Williston Basin (Angulo et al., 2008; Angulo and Buatois, 2012b). 
 
6.2  Tectonics 
In addition to glacioeustatic forcing, changing accommodation and sediment 
supply during deposition of the Sappington Formation may also have been controlled by 
local, synsedimentary tectonism. Regional isopach maps of Middle Devonian to Middle 
Mississippian strata indicate that during the deposition of the Sappington Formation, 
Montana was characterized by complex paleotopography including low-amplitude 
paleohighs (eg. Central Montana Uplift, Beartooth Shelf) and paleolows (eg. Central 
Montana Trough, Sappington Formation depositional basin) (Sandberg et al., 1982; 
Dorobek et al., 1991; Nagase, 2014). Tectonic changes in the configuration of the 
Sappington Formation basin have been interpreted to reflect the tectonic reactivation of 
older Proterozoic extensional faults (Sandberg et al., 1982; Winston, 1986; Dorobek et 
al., 1991).  
Whereas the data presented herein do not show conclusive evidence for regional 
tectonic forcing, there is significant local thickening and thinning of strata in the Bridger 
Range. The Upper Member is 1.93 m thick at PG and 0.63 m thick at RP, just over 400 m 
away. Similar local thickening and thinning of strata in the Bridger Range has been 
observed by previous researchers. McMannis (1955) describes local thickening of Late 
Mississippian Mission Canyon and Big Snowy Formation strata at Ross Peak and 
thinning of Big Snowy Formation strata to the north and south. The Ross Fault, a cross-
range fault, is present south of RP (Vuke et al., 2007; Locke and Lageson, 1989). Local 
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thickening and thinning of strata in the Bridger Range is best explained by 
synsedimentary movement on the Ross Fault. 
 
6.3  Oceanography 
Oceanography and paleogeography were also controlling factors on sedimentation 
and Sappington Formation basin configuration. The Sappington Formation basin was 
located just south of the Equator with prevailing trade winds blowing from the SE 
(Scotese and McKerrow, 1990). Sedimentary structures observed within the Sappington 
Formation indicate predominant oscillatory flow in the NNE/SSW and unidirectional 
flow to the NE and W. Paleoshoreline is interpreted to strike SE/NW, perpendicular to 
oscillatory flow. There is a pronounced difference in paleoflow orientation in Sequence 2, 
with N/S oscillatory flow in the HST 2 and NE/SW oscillatory flow in the FSST. This 
difference in paleoflow direction may be indicative of a changing basin configuration 
during Sequence 2, specifically a connection to the Williston Basin though the Central 
Montana Trough during high base-level in HST 2.  
During the FSST, when base-level was lowest during deposition of the 
Sappington Formation, the Sappington Formation basin was likely isolated from the 
Williston Basin by the Central Montana Trough. Surface waves during the FSST traveled 
to the NW, propelled by the prevailing winds from the SE, and refracted around the 
prograding Beartooth headlands south of the Bridger Range, which is reflected by the 
NE/SW paleoflow during the FSST. The unidirectional paleoflow to the W is interpreted 
to represent longshore drift, along the Beartooth shelf, and the NE paleoflow is 
interpreted to represent offshore-oriented storm and/or rip currents. 
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The Gulf of Carpentaria, off the northern coast of Australia, is proposed herein as 
an analogous basin to the Sappington Formation basin and exhibits similar surface wave 
patterns to those hypothesized for the Sappington Formation basin. Similar to the 
Sappington Formation basin, the Gulf of Carpentaria is a semi-isolated, shallow sea, with 
a fine-grained, mixed carbonate-siliciclastic system, located just south of the Equator, 
with prevailing trade winds from the SE (Church and Forbes, 1983; Forbes and Church, 
1983; Jones, 1987). Present-day surface waves (Beccario, 2015) far offshore of Cape 
Arnhem (analogous to the Beartooth headlands) are oriented to the NNW, traveling into 
the Arafura Sea, which is analogous to the paleogeographic reconstruction during the 
HST 2. Present-day surface waves just offshore of Cape Arnhem travel to the NW and 
then refract around Cape Arnhem, which is analogous to the paleogeographic 
reconstruction during the FSST. These present-day surface wave patterns in the 
analogous Gulf of Carpentaria therefore support paleogeographic interpretations for the 
Sappington Formation basin, as well as an evolving basin geometry during Sequence 2. 
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7. IMPLICATIONS FOR THE BAKKEN FORMATION 
The Late Devonian-Early Mississippian Bakken/Three Forks Formations in the 
Williston Basin currently forms one of the most productive petroleum system in the 
United States, yielding about 600,000 barrels of oil a day (U.S. Geological Survey, 
2013). In addition to its current status as a producing petroleum system, considerable 
resources have been estimated as technically recoverable from the Bakken Petroleum 
System. Specifically, the USGS estimates that 7.4 billion barrels of oil, 6.7 trillion cubic 
feet of natural gas, and 527 million barrels of natural gas liquids remain undiscovered but 
are technically recoverable (U.S. Geological Survey, 2013).  
Despite its prolific production and potential, current hydrocarbon production rates 
across the basin are highly variable (Anna et al., 2010; Theloy and Sonnenberg, 2013). In 
part, this variability is driven by lithologic heterogeneity and the distribution and nature 
of organic carbon. Unconventional drilling and hydraulic fracturing methods make it 
possible to exploit tight oil plays, like the Bakken Formation in the Williston Basin. 
However, lithologicial heterogeneity results in rheologic anisotropy, which complicates 
hydraulic fracture propagation (Ayan et al., 1994; Ajayi et al., 2013). A better 
understanding of the lithologic heterogeneity may aid unconventional exploitation of the 
Bakken Formation in the Williston Basin. 
Deposition of the Sappington Formation was contemporaneous with the 
Bakken/Three Forks Formations in the Williston Basin. The middle and lower Bakken 
Formation members and the Sappington Formation contain conodonts from the Upper 
Devonian Expansa Zone and the Lower Mississippian praesulcata Zone (Sandberg et al., 
1988) (Figure 1). Additionally, the Sappington Formation has been correlated to the 
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Bakken Formation using well logs and core from the Williston Basin (Adiguzel, 2012; 
Hofmann, 2013). The differing facies, architectures, and surfaces observed across the 
Bridger Range indicate significant lateral lithologic heterogeneity on a field scale, 
including prograding shoreface architectures as well as multiple lithofacies with varying 
reservoir quality (Figure 8). Similarly, differing facies, architectures, and surfaces 
observed at the DCT and the SPT indicate significant lateral lithologic heterogeneity on a 
reservoir scale (Figure 11 and Figure 12). The clinoformal bedding interpreted in the 
upper Middle Member of the Sappington Formation from the photomosaic at HP is 
further evidence of significant lateral heterogeneity on the reservoir scale (Figure 9). In a 
comparison of the observed stratigraphic units of the Sappington Formation and the 
production heterogeneity of the Bakken Formation, the production heterogeneity 
observed along a 10,000 ft lateral well in the Bakken Formation closely mimics the facies 
heterogeneity observed along an idealized 10,000 ft lateral in the Sappington Formation 
(Figure 18).  
I therefore hypothesize that differing facies and stratigraphic architectures 
observed in the Sappington Formation may help explain hydrocarbon production 
heterogeneity of the Bakken Formation. Within the length of a 10,000 ft lateral, facies 
grade from high reservoir quality facies (F9, F12) to the poor reservoir quality facies (F6, 
F7). Based on stratigraphic architectures and dips observed at SPT, an idealized 10,000 ft 
lateral well would drill through 148 alternating facies associations within the length of 
the lateral well. This heterogeneity of lithology could significantly decrease hydrocarbon 
production along the well. Application of the Sappington Formation depositional model 
to facies in the Bakken Formation described herein may help predict presence and 
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absence of high reservoir quality shoreface facies in the subsurface.  
The depositional features, specifically clinoformal architectures, observed in the 
Sappington Formation indicate high potential for reservoir compartmentalization, and the 
Bakken Formation may be similarly complex. The low-permeability surfaces separating 
clinotherms act as a barrier to fluid flow and isolate individual sand bodies (Jackson et 
al., 2009; Enge and Howell, 2010), effectively decreasing production. Identification of 
these complex geometries in the subsurface may help predict the presence and absence of 
baffling clinoformal surfaces and improve both new development and secondary recovery 
for the Bakken Formation in the Williston Basin.   
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8. SUMMARY 
 The facies and facies stacking, stratigraphic architecture, and sequence 
stratigraphy of the Sappington Formation collectively record a northward-facing 
shelf-to-basin profile in a wave-storm-dominated prograding shoreface-shelf 
system. 
 The Sappington Formation is comprised of 14 lithofacies (F1-F14): organic-rich 
mudstone to siltstone (F1); dolomitic, silty mudstone (F2); calcareous, muddy 
siltstone (F3), dolomitic, quartzose siltstone (F4); interlaminated siltstone and 
mudstone (F5); lenticular, dolomitic siltstone and mudstone (F6); wavy, dolomitic 
siltstone and mudstone (F7); dolomitic, combined flow sandy siltstone and 
mudstone (F8); ripple-laminated, dolomitic siltstone to siltstone (F9); convoluted, 
dolomitic siltstone (F10); tabular, dolomitic siltstone (F11); low-angle-stratified 
to trough-cross-bedded dolomitic, very fine-grained sandstone (F12); 
fossiliferous, silty dolomite (F13); oncoid-bearing, fossiliferous floatstone (F14). 
 Four facies associations are identified and assigned to genetically related facies: 
offshore, offshore transition, middle to upper shoreface, and carbonate buildup. 
Facies in the offshore facies association (F1, F2, F3) represent dominant 
suspension settle-out processes in a semi-restricted, offshore marine environment. 
The offshore transition facies association is characterized by facies (F4, F5, F6, 
F7, F8, F11, F13) that represent deposition from suspension settle-out and storm 
processes below wave base. Facies within the middle to upper shoreface facies 
association (F9, F10, F12) represent deposition via traction transport of bedload 
and load deformation processes in a wave-dominated environment. The facies of 
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the carbonate buildup facies association (F14) represent carbonate growth in a 
low energy environment below fair weather wave base, within the maximum 
storm weather wave base. 
 The Sappington Formation preserves a record of two complete depositional 
sequences and a third partial depositional sequence that continues upsection into 
the Lodgepole Formation. The oldest depositional sequence includes a TST and 
HST, the second depositional sequence includes a TST, HST and FSST, and the 
youngest depositional sequence includes a TST and HST that continues into the 
Lodgepole Formation. Depositional sequences within the Sappington Formation 
are controlled primarily by glacioeustatic, third-order sea level fluctuations. The 
geometry and configuration of the Sappington Formation depositional basin is 
tectonically controlled. 
 The Sappington Formation is contemporaneous to the Bakken Formation in the 
Williston Basin and can serve as an outcrop analog for the Bakken Formation. 
Stratigraphic architectures and facies associations observed in the Sappington 
Formation analog may help explain production heterogeneity of the Bakken 
Formation in the Williston Basin and has significant implications for new 
development and secondary recovery for the Bakken Formation in the Williston 
Basin. 
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10. FIGURES AND TABLES 
Figure 1: Study Area, Bridger Range, MT 
 
Figure 1. A) Geographic location of the Sappington Formation study area in the Bridger 
Range, southwestern Montana. B) Topographic map of the Bridger Range study area with 
main outcrop locations (yellow stars). Outcrops were measured along the Bridger Range 
transect to determine the lateral heterogeneity of the Sappington Formation on a field scale. 
Yellow lines represent analogous 10,000 ft lateral wells. C) Topographic map of Dry 
Canyon Transect outcrops (yellow stars). Pink lines represent analogous portions of a 
lateral well; pink horizontal lines represent 300 ft-spaced analogous hydraulic fracture 
stages. D) Topographic map of Saddle Peak Transect outcrops with an analogous portion 
of a lateral well with hydraulic fractures stages. 
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Figure 2: Stratigraphy and regional biostratigraphic correlation of the 
Sappington and Bakken Formations 
 
Figure 2. Stratigraphy of the Sappington Formation and regional biostratigraphic 
correlation of the Sappington Formation in southwestern Montana to the Bakken 
Formation in the Williston Basin compiled from: Klapper (1966), Huber (1983), Hayes 
(1985), Karma (1990), Savoy and Harris (1993), Kaufman (2006), Johnston et al. (2010). 
The Sappington Formation unconformably overlies the Late Devonian Three Forks 
Formation, is overlain by the Early Mississippian Lodgepole Formation and includes three 
members. The Lower Member of the Sappington and Bakken Formations contain 
conodonts indicative of the Late Devonian expansa Zone. Between the Lower and Middle 
Members of the Sappington Formation are missing postera Zone conodonts. The Middle 
Member of the Sappington and Bakken Formations contain presulcata and kockeli Zone 
conodonts. There are missing sulcata and duplicate Zone conodonts missing above the 
Sappington Formation Middle Member. The Upper Member of the Sappington and Bakken 
Formations contains quadruplicata and crenulata Zone conodonts.  
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Figure 3: Paleogeographic reconstruction during Devonian-
Mississippian 
 
Figure 3. Paleogeographic reconstruction of western North America and southern Canada 
during the Late Devonian (~360 MA) compiled from Blakey (2011), Nagase (2014), AIM 
GeoAnalytics (2014). The Sappington Formation depositional basin is located in central 
Montana and is bound to the north by the Central Montana Uplift and to the south by the 
Beartooth Shelf. The Antler Foredeep is located to the west of the Sappington Formation 
depositional basin and separates the basin from major siliciclastic input from the Antler 
Orogeny. The primary sediment source for the Sappington Formation is the Beartooth 
Shelf. 
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Table 1: Facies description and associations 
 
FACIES SEDIMENTOLOGY AND 
SEDIMENTARY 
STRUCTURES 
 
BI; TRACE 
FOSSILS 
AVG. 
TOC 
(% 
WT) 
DEPOSITIONAL 
PROCESSES AND 
ENVIRONMENT 
FACIES 
ASSOCIATION 
Nagase, 2014; Nagase et 
al., 2014 
Gutschick et 
al., 1962 
Achauer, 
1959 
1a: Organic-
rich mudstone  
Dark gray to black (N4.25 to 
1.5) or very dark grayish 
brown (2.5Y 3/2) organic-
rich, thinly laminated 
mudstone with Tasmanites 
microfossils, lower very fine 
sand-sized radiolarian, and 
trace fine silt. 
No bioturbation 8.22 
 
Suspension settle-out of 
pelagic and hemipelagic 
mud in a semi-restricted 
(anoxic) offshore marine 
environment. 
Offshore marine F1: Organic-rich 
mudstone with 
microfossils 
Lower Black 
Shale Subunit 
A(?) 
Lower Black 
Shale 
Member 
1b: Organic-
rich, silty 
mudstone  
Gray to black (N5 to 1.5) or 
very dark grayish brown 
(2.5Y 3/2) organic-rich, 
laminated to thinly bedded, 
silty mudstone with 
Tasmanites microfossils and 
local pinch and swell 
radiolarian laminations.  
No bioturbation 5.20 Suspension settle-out of 
pelagic and hemipelagic 
mud and episodic storm-
induced traction transport 
deposition in a semi-
restricted (anoxic) 
offshore marine 
environment. 
Offshore marine F1B: Organic-rich 
mudstone with pinch-and-
swell lamination 
Lower Black 
Shale Subunit 
B(?); Upper 
Black Shale 
Unit I  
Lower Black 
Shale 
Member 
1c: Organic-
rich, muddy 
siltstone  
Dark gray to black (N4.25 to 
N2.25) or dark olive brown 
(2.5Y 3/4) organic-rich, 
muddy, thinly bedded, coarse 
siltstone.  
No to low 
bioturbation (0-2); 
Chondrites and 
Planolites 
3.04 Suspension settle-out of 
hemipelagic mud and 
detrital grains as 
nepheloid layers and 
plumes in a semi-
restricted (dysoxic to 
anoxic) offshore marine 
environment. 
Offshore marine F1C: Bioturbated, 
organic-rich 
calcareous/dolomitic 
mudstone 
Lower Black 
Shale Sub-
unit C(?); 
Upper Black 
Shale Unit I 
Lower Black 
Shale 
Member 
2: Silty 
mudstone  
Gray to black (N5.25 to 
N2.25) or very dark grayish 
brown (2.5Y 3/2) laminated to 
thinly bedded, silty mudstone. 
No to moderate 
bioturbation (0-3); 
Chondrites 
1.08 Suspension settle-out of 
hemipelagic mud and 
detrital grains as 
nepheloid layers and 
plumes in a dysoxic 
offshore marine 
environment. 
Offshore marine  Upper Black 
Shale Unit I 
Lower Black 
Shale 
Member 
3: Clay-rich, 
calcareous 
siltstone  
Light yellowish brown to 
olive gray (10YR 6/4 to 5Y 
5/2) massive, laminated to 
thinly bedded, clay-rich, 
calcareous, coarse siltstone.  
No to moderate 
bioturbation (0-2); 
Palaeophycus 
0.32 Suspension settle-out of 
hemipelagic mud and 
detrital grains as 
nepheloid layers and 
plumes in a dysoxic to 
oxic, offshore marine 
environment. 
Offshore marine F2: Bioturbated, 
calcareous/dolomitic 
muddy siltstone 
Middle Shale 
Unit G 
Middle Sub-
unit 
56 
 
4: Quartzose 
siltstone  
Dark gray to very dark gray 
(N4.25 to N3.5) or light 
brownish gray (10yr 6/2) very 
thickly bedded, burrow-
mottled, silicified coarse 
siltstone with faint, 
discontinuous laminations. 
Calcium-phosphatic bioclasts 
and framboidal pyrite are 
locally present. 
No to moderate 
bioturbation (0-3); 
Palaeophycus and 
Teichichnus 
0.57 Suspension settle-out of 
detrital grains as 
nepheloid layers and 
plumes in a dysoxic 
offshore transition 
environment. 
Offshore 
transition 
   
5: 
Interlaminated 
siltstone and 
mudstone 
Pale yellow to olive gray (5y 
8.5/2 to 5y 5/2) thinly 
interlaminated to thinly 
interbedded, coarse siltstone 
and dark gray to black (N4.75 
to N2.75) mudstone. Siltstone 
beds contain local, starved 
bidirectional ripples.  
Low to moderate 
bioturbation (2-3); 
Palaeophycus, 
Planolites, 
Diplocraterion(?) 
(NC 1777) 
0.31 Suspension settle-out in a 
dysoxic, distal offshore 
transition environment, 
with frequent terrigenous 
sediment influx from 
storm-induced currents. 
Offshore 
transition 
   
6: Lenticular 
siltstone and 
mudstone  
Pale brown to grayish brown 
(2.5Y 8.5/2 to 2.5Y 5/2) 
lenticular-bedded, current and 
wave ripple laminated coarse 
siltstone interlaminated to 
thinly interbedded with 
mudstone to muddy siltstone.  
Sparse to low 
bioturbation (1-2); 
Palaeophycus 
 
0.43 Storm deposition and 
waning storm events in 
offshore transition 
environment. 
 
Offshore 
transition 
F3: Bioturbated, wavy-
laminated/lenticular silty 
dolostone with 
interbedded/interlaminated 
mudstone 
  
7: Wavy 
siltstone and 
mudstone  
Very pale brown (10YR 7/4) 
wavy-bedded, wave ripple-
laminated, thinly bedded 
coarse siltstone with 
mudstone drapes or siltstone 
partings.  
No bioturbation N/A Storm deposition and 
waning storm events in 
offshore transition 
environment. 
Offshore 
transition 
   
8: Combined 
flow siltstone  
Light gray to grayish brown 
(10YR 7/2 to 2.5Y 5/2) very 
thinly bedded to thickly 
bedded, dolomitic, coarse 
siltstone with mudstone 
drapes or siltstone partings. 
Siltstone beds are massive 
with sinuous bedding plane 
ripples.  
No to moderate 
bioturbation (0-3); 
Palaeophycus 
 
0.65 Storm deposition with 
subsequent oscillatory 
reworking in offshore 
transition environment. 
 
Offshore 
transition 
  Lower Sub-
unit; Upper 
sub-unit 
9a: Ripple-
laminated 
siltstone  
Light gray to light brownish 
grey (5Y 7/2 to 10YR 6/2) 
very thinly bedded to very 
thickly bedded, wave ripple-
laminated, dolomitic, coarse 
siltstone.  
No bioturbation 0.24 Traction transport of 
bedload and rapid 
deposition in wave-
dominated middle 
shoreface environment. 
Middle shoreface F6: Ripple-laminated silty 
dolostone 
Lower 
Siltstone Unit 
F; Upper 
Siltstone Unit 
H 
Lower Sub-
unit; Upper 
sub-unit 
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9b: 
Bioturbated, 
ripple-
laminated 
siltstone  
Pale brown to yellowish 
brown (2.5Y 8/4 to 10YR 5/4) 
very thinly bedded to thickly 
bedded, bioturbated, wave 
ripple-laminated, dolomitic 
coarse siltstone.  
Sparse to intense 
bioturbation (1-5); 
Palaeophycus, 
Planolites, 
Diplocraterion 
and Skolithos 
0.21 Traction transport of 
bedload and rapid 
deposition in wave-
dominated middle 
shoreface environment. 
Middle shoreface F5: bioturbated, ripple-
laminated, 
calcareous/dolomitic 
siltstone-silty dolostone 
Lower 
Siltstone Unit 
F; Upper 
Siltstone Unit 
H 
Lower Sub-
unit; Upper 
sub-unit 
10: 
Convoluted 
siltstone  
Light brownish gray to 
pinkish gray (2.5Y 6/2 to 
7.5Y 6/2) dolomitic, coarse 
siltstone with convoluted 
bedding. Convoluted bedding 
forms asymmetrical, 
ellipsoidal structures with 
sub-horizontal axis. Internal 
lamina are concentric or 
complexly folded.  
No bioturbation N/A Traction transport of 
bedload and rapid 
deposition in middle 
shoreface environment 
during high rates of 
sedimentation; 
subsequent gravity-
driven load deformation 
of partially liquefied, 
unconsolidated sediment. 
Middle shoreface   Upper Sub-
unit 
11: Tabular 
siltstone  
Very pale brown (10YR 7/4) 
tabular-bedded, medium 
bedded, dolomitic, coarse 
siltstone. Internal bed 
structure is massive to parallel 
with sharp bases. Underlies 
wavy-bedded siltstone.  
Low to moderate 
bioturbation (2-3); 
Palaeophycus 
concentrated on 
bedding planes 
N/A Rapid deposition by 
storm events in offshore 
transition zone. 
Offshore 
transition 
  Upper Sub-
unit 
12: Low-angle-
stratified 
sandstone  
Very pale brown to grayish 
brown (10YR 8/4 to 10YR 
5/2) thinly to very thickly 
bedded, low-angle-stratified 
to trough-cross-bedded, 
dolomitic, lower very fine-
grained sandstone. Wave and 
current ripples and scours are 
locally present. 
No bioturbation 0.24 Traction transport of 
bedload and rapid 
deposition in distal upper 
shoreface during high 
rates of sedimentation. 
Upper shoreface F7: Planar-bedded silty 
dolostone 
Upper 
Siltstone Unit 
H 
Upper Sub-
unit 
13: 
Fossiliferous 
dolomite  
Light brownish gray to dark 
greyish brown (2.5Y 6/2 to 
2.5Y 4/2) very thinly bedded 
to very thickly bedded, 
fossiliferous, silty, dolomite 
with crinoid osscicles, 
brachiopods, bryozoans, and 
microfossils. Bedding is 
commonly massive; there is 
local, faint parallel or ripple 
lamination.  
Moderate to 
intense 
bioturbation (3-5); 
Palaeophycus, 
Planolites, and 
Skolithos 
0.28 Redeposition by storm or 
rip currents in mixed 
terrigenous/carbonate 
environment in the 
proximal offshore 
transition 
Offshore 
transition 
 Lower 
Siltstone Unit 
F 
Lower Sub-
unit 
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14: Oncoid-
bearing 
floatstone  
Light brownish gray to dark 
greyish brown (2.5Y 6/2 to 
2.5Y 4/2) thinly to thickly 
bedded, oncoid-bearing, 
dolomitic, floatstone with 
brachiopods, bryozoans and 
echinoderms. Bedding is 
massive and oncoids are 
randomly oriented in 
siliciclastic-carbonate mud 
matrix. 
No bioturbation 0.23 Carbonate growth in a 
low energy environment 
in the offshore transition 
zone, above the 
maximum storm wave 
base. 
  
Carbonate 
buildup 
 
F8: Oncolitic, fossil-
bearing floatstone 
Algae-Sponge 
Biostrome 
Unit E 
Lower Sub-
unit  
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Table 2: Mineralogy data by facies 
 
Table 2. Bulk mineralogy percent from x-ray diffraction for each facies interpreted in the 
Sappington Formation, Bridger Ranger, Montana. N(#) = number of samples, QTZ = 
quartz, KSPAR = potassium feldspar, CAL = calcite, DOLO = dolomite, ANK = ankerite, 
ARG = aragonite, GYP = gypsum, CLAYS = illite, smectite, and muscovite. 
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Table 3: Total organic carbon data by facies 
 
 
Table 3. Total organic carbon (TOC) by weight percent (% WT) and standard deviation 
(SD) for each facies interpreted in the Sappington Formation, Bridger Ranger, Montana. 
N(#) = number of samples. 
  
FACIES N (#) TOC (% WT) SD
1a 13 8.22 4.04
1b 11 5.20 2.83
1c 3 3.04 1.28
2 9 1.08 0.61
3 N/A N/A N/A
4 1 0.57 0.00
5 10 0.31 0.07
6 4 0.38 0.11
7 N/A N/A N/A
8 1 0.65 0.00
9a 3 0.24 0.05
9b 2 0.21 0.01
10 N/A N/A N/A
11 N/A N/A N/A
12 5 0.24 0.08
13 1 0.28 0.00
14 4 0.23 0.02
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Figure 4: Photomicrographs and outcrop photos of representative facies 
from the Offshore Marine Facies Association and the Offshore 
Transition Zone Facies Association 
 
Figure 4. Photomicrographs and outcrop photos of representative facies from the Offshore 
Marine Facies Association and the Offshore Transition Zone Facies Association of the 
Sappington Formation in the Bridger Range, Montana. A) Organic-rich, thinly laminated 
mudstone (F1a) with Tasmanites microfossils (Ta) and detrital, fine, quartz silt (Qtz). B) 
Organic-rich, silty mudstone with interlaminated mudstone (F1b) with Tasmanites 
microfossils (Ta) and lower very fine-sized radiolarian grains (Ra). C) Organic-rich muddy 
siltstone (F1c) with Chondrites burrows. D) Interlaminated coarse siltstone and mudstone 
(F5) with a Planolites (Pl) burrow. E) Fossiliferous, silty dolomite (F13) with echinoderm 
fragments (Ech) and medium silt-sized detrital quartz grains. F) Event bed of tabular-
bedded siltstone (F11) overlain by wavy siltstone and mudstone (F7).  
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Figure 5: Outcrop photos and photomicrographs of representative 
facies from the Middle to Upper Shoreface Facies Association and the 
Carbonate Buildup Facies Association 
 
Figure 5. Outcrop photos and photomicrographs of representative facies from the Middle 
to Upper Shoreface Facies Association and the Carbonate Buildup Facies Association of 
the Sappington Formation in the Bridger Range, Montana. A) Ripple-laminated siltstone 
(F9a); scale bar is in centimeters. B) Bioturbated bedding plane of bioturbated, ripple-
laminated siltstone (F9b) with Palaeophycus (Pa) and Diplocraterion (Di) burrows; pencil 
is 9 cm. C) Convoluted siltstone (F9) within white dotted lines and underlying ripple-
laminated siltstone (F9a) at Dry Canyon; scale bar is in inches. D) Sharp-based siltstone 
beds at Saddle Peak E) Oncoid-bearing floatstone (F14); lens cap is 5 cm. F) Oncoid-
bearing floatstone (F14) with an oncoid (On) nucleated on a brachiopod shell fragment and 
a bryozoan fossil fragment (Br) in a mixed siliciclastic-carbonate mud matrix. 
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Figure 6: Schematic block model of depositional environments 
 
Figure 6. Schematic depositional block model of depositional environments and facies 
associations of the Sappington Formation in the Bridger Range, Montana. The facies and 
facies stacking, stratigraphic architecture, and sequence stratigraphy of the Sappington 
Formation records a northward-facing shelf-to-basin profile in a wave-storm-dominated 
prograding shoreface-shelf system. Numbers along the profile represent facies 
associations: 1. offshore, 2. offshore transition, 3. middle to upper shoreface, 4. Carbonate 
buildup. Facies in the offshore facies association represent dominant suspension settle-out 
processes in a semi-restricted, offshore marine environment. The facies of the carbonate 
buildup facies association represent carbonate growth in a low energy environment below 
fair weather wave base (FWWB), within the maximum storm weather wave base (SWWB). 
The offshore transition facies association is characterized by facies that represent 
deposition from suspension settle-out and storm processes below wave base. Facies within 
the middle to upper shoreface facies association represent deposition via traction transport 
of bedload and load deformation processes in a wave-dominated environment below mean 
low tide (MLT). 
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Figure 7: Sappington Formation type log 
 
 
 
Figure 7. Type log of the Sappington Formation in the Bridger Range, Montana at the 
North Cottonwood section including sequence stratigraphic interpretation, lithology, 
bioturbation index (BI), spectral total gamma ray, total organic carbon weight percent 
(TOC %) and bulk XRD mineralogy.
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Figure 8: Bridger Range cross-section 
 
Figure 8. North (paleo-basinward) to south (paleo-landward), parallel to depositional dip, distribution of lithofacies and stratal packages of the 
Sappington Formation in the Bridger Range, Montana. Datum is the flooding surface at the base of the Upper Member. Cross-section correlation 
is driven by observed proximal to distal sedimentologic relationships, dips calculated from direct observations of architectural elements, and 
physically traceable correlative event beds. The correlation is corroborated by lateral facies relationships and depositional dips of analogous 
modern prograding shorefaces.
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Figure 9: Interpreted photomosaic at Hardscrabble Peak 
 
Figure 9. Photomosaic of the Sappington Formation at Hardscrabble Peak in the Bridger 
Range, Montana. A) Photomosaic taken from a helicopter of the Sappington Formation 
(outlined in red) and the underlying Devonian Three Forks and overlying Mississippian 
Lodegpole Formation. Black dotted lines separate the three members of the Sappington 
Formation. Note: the anticlinal form is structural, not depositional. Yellow box outlines 
location of close-up photos shown in B) and C). B) Uninterpreted image of the upper 
Middle Member of the Sappington Formation with downlapping, clinorformal bedding. C) 
Interpreted image of the upper Middle Member. Downlapping, clinoformal bedding is 
outlined in purple. Clinoforms are dipping approximately 5 degrees and exemplifies the 
complex sedimentary body geometry within the Sappington Formation. Dips calculated 
from the Hardscrabble photomosaic are used for section correlation. 
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Figure 10: Photographs of Dry Canyon and Saddle Peak Transects 
 
Figure 10. Photographs of outcrop transects of the Sappington Formation in the Bridger 
Range, Montana. A) Photograph of the Dry Canyon outcrop transect. The outcrop transect 
spans 72 m. The laterally continuous outcrops enabled the correlation of event marker beds 
and the calculation of depositional dip of the middle Sappington clinoforms. This outcrop 
transect reveals significant lateral facies heterogeneity on the development scale. LPF = 
Lodgepole Formation. B) Aerial photomosaic of the Saddle Peak outcrop transect. The 
Saddle Peak transect spans 144 m and also reveals significant lateral heterogeneity on the 
development scale.
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Figure 11: Dry Canyon transect cross-section 
 
Figure 11. North (paleo-basinward) to south (paleo-landward), parallel to depositional dip, distribution of lithofacies and stratal packages of 
the Sappington Formation in the Bridger Range, Montana. Datum is the flooding surface at the base of the Upper Member. The convoluted bed 
is traceable across the transect and is interpreted as a correlative event bed. Colors of intervals are representative of facies associations described 
in the legend for Figure 8. 
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Figure 12: Saddle Peak transect cross-section 
 
Figure 12. North (paleo-basinward) to south (paleo-landward), parallel to depositional dip, distribution of lithofacies and stratal packages of 
the Sappington Formation in the Bridger Range, Montana. Datum is the flooding surface at the base of the Upper Member. Colors of intervals 
are representative of facies associations described in the legend for Figure 8.
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Figure 13: Sequence stratigraphic framework  
 
Figure 13. Sequence stratigraphic framework of the Sappington Formation, Montana. The 
Sappington Formation preserves a record of two complete depositional sequences and a 
third depositional sequence continuing into the Lodgepole Formation. The oldest 
depositional sequence includes a TST and HST, the second depositional sequence includes 
a TST, HST and FSST, and the youngest depositional sequence includes a TST and HST 
that continues into the Lodgepole Formation. Interpreted paleobathymetry indicates three 
significant rises is base-level that coincide with deposition of the Lower Member 
mudstones, the Middle Member muddy siltstones, and the Upper Member mudstones. 
Depositional sequences within the Sappington Formation correlate to documented 
glacioeustatic cycles and onlap during the Late Devonian to Early Mississippian.   
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Figure 14: Schematic depositional reconstruction of systems tracts  
 
Figure 14. Schematic depositional reconstruction of systems tracts identified in the 
Sappington Formation in the Bridger Range, Montana. North is to the left. Paleoshoreline 
is interpreted to strike SE/NW, perpendicular to NW/SW oscillatory flow. A) The Lower 
Member was deposited in an offshore environment during a TST. B) The lower Middle 
Member was deposited along a shoreface-shelf system during HST. C) The upper Middle 
Member was deposited along a shoreface system during FSST. D) The Upper Member was 
deposited offshore during a TST. 
  
72 
 
 
Figure 15: Paleogeographic reconstruction of HST 2
  
 
Figure 15. Paleogeographic reconstruction of HST 2 of the Sappington Formation in the 
Bridger Range, Montana. A) Cross-sectional view from west to east of the Sappington 
Formation depositional basin connected to the Williston Basin through the Central 
Montana Trough during HST. B) Map view of the Sappington Formation depositional 
basin during HST. The Bridger Range study area is designated by the yellow star. The 
rose diagram shows oscillatory paleoflow from small bedform ripples. The prevailing 
trade winds are from the SE, moving surface waves to the NNW, consistent with 
observed N/S paleoflow in the HST 2. 
  
73 
 
Figure 16: Paleogeographic reconstruction of FSST 
 
 
Figure 16. Paleogeographic reconstruction of FSST of the Sappington Formation in the 
Bridger Range, Montana. A) Cross-sectional view from west to east of the Sappington 
Formation depositional basin separated from the Williston Basin by the Central Montana 
Trough during FSST. B) Map view of the Sappington Formation depositional basin 
during FSST. The Bridger Range study area is designated by the yellow star. The rose 
diagram shows oscillatory paleoflow from small bedform ripples. The prevailing trade 
winds are from the SE, moving surface waves to the NNW that are refracted by the 
prograding Beartooth headlands, consistent with observed NE/SW paleoflow in the 
FSST. 
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Figure 17: Surface Waves in the Gulf of Carpentaria  
 
Figure 17: Surface waves in the Gulf of Carpentaria, off the northern coast of Australia 
(modified from Beccario, 2015). The Bridger Range study area is designated by the 
yellow star. Red labels are present-day geographic locations, yellow labels are the 
analogous location of Late Devonian-Early Mississippian geographic locations. Surface 
waves in the circled HST are oriented to the NNW, which is reflected in the N/S 
oscillatory paleoflow in the HST 2. Surface waves in the circled FSST are oriented to the 
W, which is reflected in the NE/SW oscillatory paleoflow in the FSST 
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Figure 18: Comparison of Sappington Formation architectural heterogeneity to Bakken Formation 
production  
 
Figure 18. Comparison of facies heterogeneity observed in the Sappington Formation in the Bridger Range, Montana with hydrocarbon 
production heterogeneity of the Bakken Formation in the Williston Basin. A) Bridger Range cross section with dips and stratigraphic 
packages observed in the field. Colors of stratigraphic packages are adjusted to reflect Bakken Formation production heterogeneity. 
Yellow line is a to-scale 10,000 ft analogous lateral well. B) 480 day cumulative production map from the Bakken Formation in the 
Williston Basin (Nordeng and LeFever, 2014). Yellow line is a to-scale 10,000 ft analogous lateral well. The production heterogeneity 
observed along a 10,000 ft lateral well in the Bakken Formation coincides with the facies heterogeneity observed along an idealized 
10,000 ft lateral in the Sappington Formation. The stratigraphic architectures observed in the Sappington Formation might have strong 
implications on new development and secondary recovery for the Bakken Formation in the Williston Basin. 
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Appendix A: Total organic carbon data 
 
Section Sample Height %TOC 
NC N. Cottonwood 24 cm 0.24 0.67 
NC N. Cottonwood 53 cm 0.53 4.19 
NC N. Cottonwood 1.51 m 1.51 14.18 
NC N. Cottonwood 2.03 m 2.03 8.32 
NC N. Cottonwood 2.4 m 2.4 9.03 
NC N. Cottonwood 2.82 m 2.82 2.41 
NC N. Cottonwood 3.11 m 3.11 11.31 
NC N. Cottonwood 3.46 m 3.46 7.12 
NC N. Cottonwood 13.02 m 13.02 0.46 
NC N. Cottonwood 22.11 m 22.11 5.18 
NC N. Cottonwood 22.46 m 22.46 1.68 
NC N. Cottonwood 22.75 m 22.75 1.84 
NC N. Cottonwood 22.81 m 22.81 1.39 
HP BR01 0.24 0.20 
HP BR02 0.37 2.74 
HP BR03 0.66 1.17 
HP BR04 0.88 4.70 
HP BR05 1.13 2.39 
HP BR06 1.55 13.69 
HP BR07 1.83 7.47 
HP BR08 2.10 8.79 
HP BR09 2.36 14.78 
HP BR10 2.50 0.21 
HP BR11 4.19 0.23 
HP BR12 4.36 0.25 
HP BR13 5.56 0.22 
HP BR14 5.64 0.28 
HP BR15 5.88 0.18 
HP BR16 6.37 0.29 
HP BR17 7.09 0.18 
HP BR18 7.62 0.23 
HP BR19 8.60 0.20 
HP BR20 8.88 0.19 
HP BR21 10.30 0.21 
HP BR22 9.91 0.13 
HP BR23 9.98 0.35 
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HP BR24 10.29 0.31 
HP BR25 10.67 0.34 
HP BR26 11.05 0.28 
HP BR27 11.58 0.29 
HP BR28 12.19 0.35 
HP BR29 12.31 0.30 
HP BR30 12.47 0.35 
HP BR31 13.15 0.22 
HP BR32 13.30 0.65 
HP BR33 13.35 0.50 
HP BR34 13.64 0.44 
HP BR35 13.79 0.34 
HP BR36 13.93 0.33 
HP BR 37 14.69 0.25 
HP BR38 17.83 0.22 
HP BR39 19.86 3.18 
HP BR40 20.03 2.75 
HP BR41 20.27 0.75 
HP BR42 20.51 1.72 
HP BR43 20.70 0.19 
DCT1 Dry Canyon LBS 7.96 m 7.96 5.58 
DCT1 Dry Canyon LBS 8.17 m 8.17 3.25 
DCT1 Dry Canyon WBL 8.51 m 8.51 4.49 
RP Ross LBS 1.15 1.15 10.41 
RP Ross LBS 23 cm 0.23 6.28 
RP Ross 0.83 0.83 5.78 
RP Ross 17.22 m 17.22 0.24 
RP Ross 17.60 m 17.6 2.65 
SP2 SPLS LBS 3 cm 0.03 6.11 
SP2 SP2 13.07 m 13.17 0.57 
SP2 SP#2 UBS 12.13 m 12.13 1.17 
SP2 SP#2 UBS 12.61 m 12.61 1.50 
SP3 SP#3 0.60 m 0.6 0.65 
SP3 SP#3 0.79 m 0.79 0.35 
SPT4 SPT 4 2.4 m 2.4 3.44 
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Appendix B: X-ray diffraction data 
 
SEC Sample HT QTZ KSPAR CAL DOLO ANK PYR GYP ANH ILL MUSC IL/SM ARG 
NC N. Cottonwood 0.24 28.6 17.1   0.4 0.3       29.8 23.7     
NC N. Cottonwood 0.53 40.9 21.0             0.8 37.3     
NC N. Cottonwood 1.51 45.6 21.5             14.4 18.6     
NC N. Cottonwood 2.03 69.5 11.8             0.4 13.8     
NC N. Cottonwood 2.4 72.3 16.7             11       
NC N. Cottonwood 2.82 91.5               3.9       
NC N. Cottonwood 3.46 48 13.4   12.2 3.7       22.7       
NC N. Cottonwood 3.52 19.9   66.2 11.2 0.7       2.0       
NC N. Cottonwood 4.56 22.1 3.1 20.2 43.8 2.6       8.0 0.3     
NC N. Cottonwood 8.6 26.7 5.0 6.0 49.1 8.7       4.6       
NC N. Cottonwood 10.08 23.2 5.2 17.7 29.9 9.6       2.1 8.1   4.2 
NC N. Cottonwood 13.02 30.0 10.9   19.1 7.0         33.0     
NC N. Cottonwood 13.62 31.6 4.6 4.8 55.2         3.8       
NC N. Cottonwood 17.31 29.4 4.4 11.3 50.7 1.2       3.0       
NC N. Cottonwood 20.17 35.3 4.3 8.3 49.8 1.0       1.3       
NC N. Cottonwood 22.11 28.6 17.3   16.8 0.1       8.7 28.5     
NC N. Cottonwood 22.46 28.8 14.8 3.3 22.0 2.4       9.2 19.5     
NC N. Cottonwood 22.75 43.8 14.1 3.9 27.6 0.3       5.6 4.7     
NC N. Cottonwood 22.81 51.6 15.7 7.0 18.8         6.9       
HP BR01 0.24 17.5   82.5                   
HP BR06 1.55 30.9 29.6 0.0 0.6   1.1     37.9   0.5   
HP BR10 2.50 30.9 4.7 45.0 6.2 4.2   1.8   7.2       
HP BR11 4.19 9.0 0.2 16.7 44.4 3.4       12.8   0.6   
HP BR12 4.36 17.7 1.0 7.5 63.5 2.1       8.2       
HP BR13 5.56 21.6 2.1 2.7 60.4 3.0       10.1   0.1   
HP BR14 5.64 20.9 0.3 3.5 63.2 7.3     2.3 2.5       
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HP BR15 5.88 21.2 0.1 2.4 59.9 4.0       12.3       
HP BR16 6.37 25.9 0.4 4.0 53.1 3.8       12.8       
HP BR17 7.09 24.2 0.0 3.3 58.3 4.9       9.1   0.2   
HP BR18A 7.62 30.9 6.7 5.0 41.5 6.3       9.6       
HP BR19 8.60 24.7 2.8 5.8 52.2 6.2       8.3   0.1   
HP BR23 9.98 23.8 7.1 5.2 42.8 4.9       16.1   0.2   
HP BR24 10.29 19.8 0.7 10.2 55.1 3.1       10.6   0.4   
HP BR25 10.67 20.7 4.9 14.0 42.3 4.5       13.4   0.2   
HP BR26 11.05 27.1 6.5 25.9 19.3 7.3       13.9       
HP BR27 11.58 21.3 5.5 10.8 44.9 4.9       12.4   0.3   
HP BR28 12.19 32.3 6.9 19.6 16.5 4.5       19.9   0.3   
HP BR29 12.31 30.1 7.5 17.8 19.3 4.4       20.4   0.4   
HP BR30 12.47 27.9 7.9 12.4 26.8 5.6       19.0   0.3   
HP BR31 13.15 27.0 6.7 11.4 42.6 8.4       3.8   0.1   
HP BR33 13.30 31.8 6.9 2.7 44.3 4.9       9.3   0.2   
HP BR32 13.35 32.0 9.1 13.0 32.1 6.5       7.3       
HP BR34 13.64 35.0 9.6 6.1 18.9 5.7       23.9   0.7   
HP BR35 13.79 26.5 3.4 3.6 56.7 2.7       6.6   0.4   
HP BR39 19.86 29.3 10.1 6.3 32.4   0.1     9.6 12.1     
DCT1 Dry Canyon 5.02 5.02 33.3 8.4 7.3 38.6 5.7       3.3 3.4     
DCT2 DCT2 3.72 3.72 27.6 4.9 3.4 61.8 1.2       0.2 0.9     
DCT2 DCT2 4.97 4.97 39.6 11.0 2.3 43.8         3.3       
PG Potter's 7.63 7.63 21.1 4.0 0.9 64.6 6.4       3.0       
PG Potter's 8.24 8.24 33.2 16.7   26.4 3.0       12.8 7.8     
RP Ross Peak 17.17 17.17 79.8 13.4 4.0 2.7 0.2               
SP1 Saddle 1 2.30 2.30 42.6 6.4 41.7 6.1 0.7       2.4       
SP2 Saddle 2 11.71 11.71 43.6 2.7 17.8 29.7 6.2               
SP2 Saddle 2 12.13 12.13 30.5 17.9   44.0 2.3       2.9 2.5     
SPT1 SPT1 1.29 1.29 47.3 14.2   33.5 5.0               
SPT1 SPT1 1.72 1.72 46.6 12.1   31.9 5.3 0.4     3.7       
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SPT4 SPT4 2.25 2.40 36.7 23.2   16.6         22.9 0.6     
SPT4 SPT4 2.40 2.25 68.3 13.9 0.1 3.6 1.4       12.7       
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Appendix C: Natural spectral gamma ray data 
Conversion of raw spectral gamma ray data to API (American Petroleum Units): (K*16)+(U*8)+(Th*4) 
(K=Potassium percent, U=Uranium parts per million, Th=Thorium parts per million) 
Section Height Assay 
K 
(%) 
U 
(ppm) 
Th 
(ppm) 
Total (ppm) Total (API) 
NC 0.05 2117 6.3 17.7 14 600.9 298.4 
NC 0.15 2122 6.9 17.6 19.8 662.2 330.4 
NC 0.25 2127 6.4 26.3 20.2 729.3 393.6 
NC 0.35 2133 7 28.0 14.6 777.7 394.4 
NC 0.45 2139 6.2 42.5 10.9 950.1 482.8 
NC 0.55 2144 5.7 58.1 9.9 1078.6 595.6 
NC 0.65 2149 6 57.3 9.2 1125.9 591.2 
NC 0.75 2155 6.6 62.0 11.1 1260.4 646 
NC 0.85 2160 6.7 66.5 17.9 1364.1 710.8 
NC 0.95 2167 6.2 73.7 8.8 1416.5 724 
NC 1.05 2173 5.8 76.2 11.9 1177.6 750 
NC 1.15 2184 5.6 75.0 3.1 1367.8 702 
NC 1.25 2191 4.5 73.6 7.3 1307.9 690 
NC 1.35 2197 4.8 64.1 11.5 1212.6 635.6 
NC 1.45 2203 4.7 63.0 9.4 1133.4 616.8 
NC 1.55 2209 5.5 51.6 8.7 1058.2 535.6 
NC 1.65 2214 5 51.5 6.9 1010.5 519.6 
NC 1.75 2220 4.8 48.3 12.6 963.8 513.6 
NC 1.85 2226 5.5 48.2 8 974.5 505.6 
NC 1.95 2233 4.7 47.4 6.8 962.1 481.6 
NC 2.05 2239 5.3 44.0 8.3 927 470 
NC 2.15 2245 4.2 44.0 13.7 849.6 474 
NC 2.25 2250 4 41.3 9.3 776.4 431.6 
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NC 2.35 2255 3 33.6 5.7 656.7 339.6 
NC 2.45 2261 3.9 32.7 10.5 680.1 366 
NC 2.55 2268 3.3 32.5 8.1 696 345.2 
NC 2.65 2274 4.1 33.2 6.3 722.5 356.4 
NC 2.75 2278 4.3 38.3 7.4 775.4 404.8 
NC 2.85 2281 4.4 40.9 8.1 800.4 430 
NC 2.95 2287 4.2 41.9 8.4 826.4 436 
NC 3.05 2293 4.5 42.2 10.5 871.4 451.6 
NC 3.15 2298 5.4 46.4 9.4 929.1 495.2 
NC 3.25 2304 4.9 41.2 11.7 898.5 454.8 
NC 3.35 2309 4.1 36.3 8.8 742.4 391.2 
NC 3.45 2315 4.2 28.2 7.4 597.8 322.4 
NC 3.85 2323 2.7 8.2 10.5 287.4 150.8 
NC 4.35 2331 3.1 5.1 8.6 241.8 124.8 
NC 4.85 2336 2.9 3.7 8.1 248.5 108.4 
NC 5.55 2348 2.4 2.9 7.2 205.5 90.4 
NC 6.05 2354 2.9 2.5 10.9 231.2 110 
NC 6.68 2362 3.4 5.1 12.2 258.4 144 
NC 7.1 2366 3.2 4.4 10.2 267.9 127.2 
NC 7.61 2374 2.4 2.9 12.7 192.3 112.4 
NC 8.11 2379 2.7 2.6 12.4 205.1 113.6 
NC 8.61 2385 2.3 4.2 11.5 200 116.4 
NC 8.96 2391 2.9 4.1 8.8 221.4 114.4 
NC 9.4 2405 3.2 2.0 10.9 222.2 110.8 
NC 9.7 2410 3.6 4.0 11.6 261.8 136 
NC 10.04 2412 2.9 3.8 8.8 237.5 112 
NC 10.34 2413 4.1 4.9 12.9 280.3 156.4 
NC 10.64   3.8 4.1 9.4   131.2 
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NC 10.94 2414 3.8 2.6 15.1 291.6 142 
NC 11.24 2415 3.9 4.3 10.8 294.3 140 
NC 11.54 2416 5.1 5.3 8.9 318.2 159.6 
NC 11.84 2417 5.8 5.9 12 384.5 188 
NC 12.14 2418 6.1 5.4 13.5 417.7 194.8 
NC 12.44 2419 5.3 6.1 9.9 383.9 173.2 
NC 12.74 2420 4.8 5.9 12.2 368.3 172.8 
NC 13.09 2421 5.7 5.8 17.2 404.3 206.4 
NC 13.28 2422 3.8 5.1 14.8 328.6 160.8 
NC 13.68 2423 2.7 4.0 11.3 238.5 120.4 
NC 14.18 2424 2.7 4.2 8.1 230.8 109.2 
NC 14.68 2425 2.5 4.5 10.7 217.5 118.8 
NC 15.18 2426 3.3 3.9 11 241.9 128 
NC 16.96 2427 1.9 3.4 9.4 179.8 95.2 
NC 17.46 2428 2.1 3.4 6.8 183.4 88 
NC 17.96 2429 2.8 5.5 6.4 253.8 114.4 
NC 18.46 2430 3 3.9 12.5 261.9 129.2 
NC 19.01 2431 2.2 3.9 10.4 194.7 108 
NC 19.61 2432 2.5 1.8 9.6 212.8 92.8 
NC 20.16 2433 2.9 2.4 12.3 225.8 114.8 
NC 20.66 2434 3.1 2.8 10.1 243.6 112.4 
NC 21.16 2435 2.6 4.6 12.5 260.9 128.4 
NC 21.66 2436 2.2 5.6 6.9 214.1 107.6 
NC 21.98 2437 3.5 6.9 12.3 312.7 160.4 
NC 22.03 2438 5.5 9.5 19 464.1 240 
NC 22.13 2439 5.1 14.2 16.5 522.8 261.2 
NC 22.23 2440 5.4 13.6 17.3 540.9 264.4 
NC 22.33 2444 5.7 13.9 12.4 521.5 252 
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NC 22.43 2449 5.3 10.5 18.9 477.4 244.4 
NC 22.53 2454 5.3 10.0 14.5 458.3 222.8 
NC 22.63 2459 4.6 14.6 12.9 465.9 242 
NC 22.73 2463 4.4 14.7 10.7 457.2 230.8 
NC 22.83 2468 3.8 11.8 11.6 413.5 201.6 
NC 22.93 2472 4 9.3 12.3 402.6 187.6 
NC 23.03 2478 3.2 6.9 8.3 295.4 139.6 
NC 23.17 2483 1.8 9.8 7.8 260.7 138.4 
NC 23.27 2488 1.3 5.7 6.7 159.8 93.2 
NC 23.77 2493 0.8 5.2 5.4 134.1 76 
NC 24.27 2498 1 7.9 4.6 175.3 97.6 
NC 24.77 2502 1 5.7 5.6 147.5 84 
NC 25.27 2507 0.8 3.9 5.5 119.6 66 
DCT1 0.03 3360 4.1 4.7 14 328.9   
DCT1 0.33 3365 3.8 2.8 7.7 277 114 
DCT1 0.83 3369 2.4 5.0 5.5 186.4 100.4 
DCT1 1.2 3374 2.7 2.0 9.5 202.4 97.2 
DCT1 1.4 3062 2.9 3.4 8.9 222.1 109.2 
DCT1 1.9 3067 2.5 1.8 7 185.2 82.4 
DCT1 2.4 3073 2.9 3.1 10 217.1 111.2 
DCT1 2.9 3078 2.4 3.0 9 198.1 98.4 
DCT1 3.4 3084 2 2.5 9.2 184.1 88.8 
DCT1 3.9 3091 2.3 1.6 7.8 193.3 80.8 
DCT1 4.4 3103 2 2.9 8.8 189.1 90.4 
DCT1 6.26 3155 2.7 5.4 8.3 226.4 119.6 
DCT1 6.76 3166 2.7 2.5 8 214.6 95.2 
DCT1 7.26 3172 2.8 3.6 7.4 214.7 103.2 
DCT1 7.76 3178 2.2 4.8 10.3 217.5 114.8 
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DCT1 8.26 3186 2.8 5.6 9.3 239.8 126.8 
DCT1 8.76 3192 2.6 4.8 9.9 237 119.6 
DCT1 9.21 3199 2.3 4.4 10.3 211.7 113.2 
DCT1 9.27 3209 4.2 13.3 10.9 418.8 217.2 
DCT1 9.37 3214 5.5 11.9 10.1 493 223.6 
DCT1 9.47 3218 5.4 11.6 15 492.6 239.2 
DCT1 9.57 3223 4.9 15.2 11.3 499 245.2 
DCT1 9.67 3228 5.2 17.4 8.7 510.3 257.2 
DCT1 9.77 3232 4.5 15.0 14.3 459.8 249.2 
DCT1 9.87 3238 4.4 10.5 10.6 423.1 196.8 
DCT1 9.95 3245 3.8 11.5 9 385.6 188.8 
DCT1 10.07 3249 3.6 7.7 10.4 304.4 160.8 
DCT1 10.17 3254 3.2 9.6 8 306.2 160 
DCT1 10.27 3260 2.5 5.2 6.5 237.4 107.6 
DCT1 10.77 3266 1.4 1.8 3.9 113 52.4 
DCT1 11.27 3271 1.2 2.9 4.9 121.1 62 
DCT1 11.77 3277 0.9 5.0 5 148.1 74.4 
DCT1 12.27 3284 0.9 1.8 4.4 92.1 46.4 
DCT2 0 3388 2.3 3.9 8.9 218.6 103.6 
DCT2 0.5 3392 2.8 3.8 8.5 230.7 109.2 
DCT2 1 3398 2.6 3.4 5.6 198.6 91.2 
DCT2 1.5 3404 2.7 3.5 8.9 208.9 106.8 
DCT2 2 3410 3.6 2.2 13.3 251.8 128.4 
DCT2 2.5 3415 2.8 3.8 8.8 226.7 110.4 
DCT2 3 3421 2.8 1.6 10.6 196.5 100 
DCT2 3.5 3428 2.1 2.9 8.4 183.8 90.4 
DCT2 3.96 3435 1.5 3.9 5.4 165.1 76.8 
DCT2 4.06 3440 3.1 9.7 10.9 340.8 170.8 
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DCT2 4.09 3445 4.9 10.2 17.9 450.3 231.6 
DCT2 4.19 3449 5.1 12.8 14.9 472.4 243.6 
DCT2 4.29 3454 5.1 16.4 12.9 532 264.4 
DCT2 4.39 3460 4.8 22.6 9.9 541 297.2 
DCT2 4.49 3465 5.3 14.3 15.8 531.6 262.4 
DCT2 4.59 3470 4.8 12.9 11.2 452.8 224.8 
DCT2 4.85 3475 4.8 11.1 13.3 451 218.8 
DCT2 4.97 3483 4.1 10.5 13.2 393.9 202.4 
DCT2 5.05 3497 3.2 10.4 9.3 345.3 171.6 
DCT2 5.12 3513 2.5 7.6 8.8 253.1 136 
DCT2 5.62 3518 1.4 3.5 1.4 130 56 
DCT2 6.12 3524 1.2 3.4 4.4 131.6 64 
DCT2 6.65 3529 0 15.6 5.6 168.8 147.2 
DCT2 6.65 3533 1 4.5 3.2 134.5 64.8 
DCT3 0.05 3550 2.4 4.8 6.2 219.2 101.6 
DCT3 0.55 3554 2.8 2.9 6.8 208.7 95.2 
DCT3 1.05 3559 2.9 2.7 13 228.6 120 
DCT3 1.55 3564 3 3.8 7.3 218 107.6 
DCT3 2.05 3571 2.8 2.0 11.7 217.5 107.6 
DCT3 2.55 3576 2.4 3.3 9 205.4 100.8 
DCT3 3.05 3581 2.8 3.2 6.4 206.6 96 
DCT3 3.55 3586 2.6 3.1 8.3 230.6 99.6 
DCT3 4.05 3592 3.2 1.7 12.4 263.3 114.4 
DCT3 4.31 3611 2.2 2.8 10.9 201.1 101.2 
DCT3 4.81 3617 3.1 4.3 9.5 302 122 
DCT3 4.91 3623 3.4 8.6 10.3 336.9 164.4 
DCT3 5.01 3628 4.2 8.5 10.5 364.3 177.2 
DCT3 0 3638 4.3 10.4 14 406.3 208 
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DCT3 5.11 3643 4.2 11.1 5.7 397.4 178.8 
DCT3 5.21 3648 5 10.9 11.1 442.5 211.6 
DCT3 5.31 3652 5.4 12.1 14.2 476.6 240 
DCT3 5.41 3657 5.5 13.0 15.2 500.3 252.8 
DCT3 5.51 3661 5.1 10.4 16.7 472.9 231.6 
DCT3 5.61 3665 4.7 10.7 10.1 454.3 201.2 
DCT3 5.71 3670 4 12.4 14.8 420.6 222.4 
DCT3 5.81 3674 5.1 7.2 18.3 428.2 212.4 
DCT3 5.91 3680 4.4 8.9 10.8 372.7 184.8 
DCT3 6.01 3685 2.9 10.3 10.1 325.3 169.2 
DCT3 6.24 3690 1.8 3.6 6.5 187 83.6 
DCT3 6.74 3695 1.3 1.3 5.8 107.6 54.4 
DCT3 7.24 3700 1.4 2.8 3 134.1 56.8 
DCT3 7.74 3705 1.1 1.2 4   43.2 
PG 0.05 2829 3.5 3.0 8.5 249.2 114 
PG 0.55 2835 2.4 2.8 12.4 217.3 110.4 
PG 1.05 2841 2.7 5.0 7.6 234.2 113.6 
PG 1.55 2846 2.6 2.8 12.3 229.1 113.2 
PG 2.05 2852 2.9 2.5 12 237.3 114.4 
PG 2.45 2857 2.8 2.9 6.8 219.1 95.2 
PG 2.95 2862 2.9 2.2 10.2 225.2 104.8 
PG 3.45 2868 2.6 3.3 10.1 215.8 108.4 
PG 3.95 2874 2.7 4.9 7.6 211.8 112.8 
PG 4.45 2879 2.7 3.3 7.5 199.9 99.6 
PG 5.05 2885 2.8 3.7 5.2 215.1 95.2 
PG 5.55 2891 2.8 1.9 11.7 220 106.8 
PG 6.05 2896 3.1 4.6 9.8 243.7 125.6 
PG 6.6 2902 2.5 1.4 8.9 193 86.8 
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PG 7.1 2909 2.3 4.5 6.3 201.8 98 
PG 7.71 2917 2.6 7.3 8.8 272 135.2 
PG 7.96 2922 3.6 10.7 11 377.9 187.2 
PG 8.01 2933 4.6 13.9 9.7 460 223.6 
PG 8.11 2938 5 12.0 13.9 482.4 231.6 
PG 8.21 2942 6.1 17.7 14.7 569.6 298 
PG 8.31 2948 6.3 14.3 14.5 575.6 273.2 
PG 8.41 2953 5.7 14.5 15.3 547.3 268.4 
PG 8.51 2958 5.7 13.8 14.7 544.1 260.4 
PG 8.71 2963 5.8 18.3 15.1 559 299.6 
PG 8.81 2969 5.3 17.5 16.4 566.2 290.4 
PG 8.91 2973 5.4 18.6 8.1 542.1 267.6 
PG 9.01 2978 5.8 13.0 11 520.6 240.8 
PG 9.11 2983 5.2 12.7 14.5 503.6 242.8 
PG 9.21 2988 5.8 11.8 13.8 501.9 242.4 
PG 9.3 2992 5.1 11.4 15.5 466.6 234.8 
PG 9.43 2999 4.6 9.0 11.8 403.4 192.8 
PG 9.55 3018 3.4 11.6 9.5 379.7 185.2 
PG 9.65 3024 3.8 7.8 9.2 328.1 160 
PG 9.75 3029 3.3 6.1 6.6 275.2 128 
PG 9.95 3035 2.3 6.4 2.6 208.5 98.4 
PG 10.45 3041 1.1 4.6 1 112.2 58.4 
PG 10.95 3047 1.1 4.7 7.2 163 84 
PG 11.45 3052 1 2.5 4.6 108.5 54.4 
PG 11.85 3057 0.5 2.4 3.6 74.9 41.6 
RP 0.05 2509 6.9 21.9 15.5 757.4 347.6 
RP 0.15 2513 7.7 26.9 12.1 865.2 386.8 
RP 0.25 2517 8.7 29.9 15.6 948.5 440.8 
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RP 0.35 2522 8.2 31.8 16.5 994.9 451.6 
RP 0.45 2527 8.4 43.4 9.6 1045.7 520 
RP 0.55 2531 9.3 42.3 11.9 1124.3 534.8 
RP 0.65 2536 9.1 46.1 15.8 1180.4 577.6 
RP 0.75 2539 8.4 47.9 15.3 1190.5 578.8 
RP 0.85 2544 8.8 47.9 16 1237.2 588 
RP 0.95 2549 9.3 53.5 14 1249.7 632.8 
RP 1.05 2553 8.4 56.6 8.5 1266.9 621.2 
RP 1.15 2558 9.7 52.9 16.6 1271.1 644.8 
RP 1.25 2563 9.7 50.0 13.3 1251.6 608.4 
RP 1.35 2567 7.6 57.4 17.5 1221.2 650.8 
RP 0 2572 7.5 51.8 9.1 1194.9 570.8 
RP 1.45 2578 7.8 49.4 15.6 1227.8 582.4 
RP 1.55 2582 8 47.1 12.9 1183.1 556.4 
RP 1.65 2586 7.4 44.5 11.5 1054.1 520.4 
RP 1.9 2591 6.9 17.4 15.8 698 312.8 
RP 2.42 2597 3.1 4.5 10.9 287.1 129.2 
RP 2.92 2602 2.9 3.1 7.8 223.6 102.4 
RP 3.42 2607 2.8 5.6 8.2 222 122.4 
RP 3.92 2613 3.2 3.8 8 236.6 113.6 
RP 4.47 2618 3.1 3.8 8.4 239.5 113.6 
RP 4.97 2624 3 1.5 12.5 259.3 110 
RP 5.7 2630 2.7 3.9 14.8 261.2 133.6 
RP 6.25 2635 3.2 4.4 8 252.9 118.4 
RP 9.25 2649 2.4 5.2 8 224.2 112 
RP 9.75 2654 3.3 6.4 11.4 280.2 149.6 
RP 10.25 2661 2.8 3.0 12.3 243.2 118 
RP 10.75 2666 3.1 5.0 11.6 266.2 136 
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RP 11.3 2673 2.4 6.2 10.1 238.3 128.4 
RP 11.3 2679 2.5 3.9 9.6 244.6 109.6 
RP 11.9 2686 3 3.1 9.3 241.4 110 
RP 12.37 2692 2.9 4.1 9.9 238.8 118.8 
RP 12.82 2700 3.3 3.0 10.3 256.6 118 
RP 13.32 2707 2.7 3.8 7.8   104.8 
RP 14.02 2711 3.2 4.0 11 266 127.2 
RP 14.52 2716 3 2.7 9.3 241.7 106.8 
RP 14.52 2729 2.9 4.2 10.6 243.4 122.4 
RP 15.02 2734 3.1 3.0 12.9 241.8 125.2 
RP 15.47 2738 3.2 2.7 10.4 242.7 114.4 
RP 15.97 2744 2.5 3.7 9.7 222.4 108.4 
RP 16.37 2749 2.7 5.3 6.1 218.9 110 
RP 16.8 2759 3.2 7.0 6.8 273.6 134.4 
RP 17.22 2764 3.6 9.0 7.2 321.2 158.4 
RP 17.27 2771 5.6 11.9 14.6 470.5 243.2 
RP 17.37 2776 6.4 15.6 8.3 503.6 260.4 
RP 17.57 2783 5.7 8.8 13.1 448.9 214 
RP 17.67 2788 5 9.7 12 439.7 205.6 
RP 17.82 2794 2.9 6.2 8.9 260 131.6 
RP 17.93 2798 1.6 2.0 9.7 167.4 80.4 
RP 18.53 2804 1.5 3.4 4.8 123.5 70.4 
RP 19.03 2810 0.9 3.5 6.7 138.7 69.2 
RP 19.53 2816 1.1 2.7 4.2 113.9 56 
RP 19.96 2822 1.1 2.7 6 126 63.2 
SP1 0.05 1950 4.5 6.2 11.9   169.2 
SP1 0.35 1957 4.9 5.8 13   176.8 
SP1 0.74 1962 4.7 5.3 9.4   155.2 
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SP1 1 1967 4.9 4.3 15.4   174.4 
SP1 1.35 1972 3.4 1.9 10.9 230.3 113.2 
SP1 1.85 1981 2.3 4.3 7.4 189.2 100.8 
SP1 2.4 1989 2.7 1.6 9.9 191.3 95.6 
SP1 2.92 1999 1.7 2.3 8.5 158.6 79.6 
SP1 3.38 2010 2.7 4.8 10.6 247.3 124 
SP1 3.86   2.5 2.9 9   99.2 
SP1 4.38 2021 1.9 3.8 7.6 185.3 91.2 
SP1 4.87 2027 2.4 6.1 6.8 233.6 114.4 
SP1 4.9 2032 3 5.8 7.4 271.6 124 
SP1 4.95 2039 4.7 13.1 9.8 451.8 219.2 
SP1 5.05 2043 5.1 9.2 13.5 457.1 209.2 
SP1 5.15 2053 4.6 10.0 12.1 417.6 202 
SP1 5.25 2058 4.9 10.6 11.5 413.6 209.2 
SP1 5.35 2063 4.3 9.3 13 390.2 195.2 
SP1 5.45 2067 4.6 7.7 13.5 393.6 189.2 
SP1 5.55   4 10.3 12.1   194.8 
SP1 5.6 2087 3.9 6.8 10.8 324 160 
SP1 5.89 2091 2.4 5.1 10.2 213.9 120 
SP1 6.39 2098 0.9 2.2 3.9 96.6 47.6 
SP1 6.89 2104 0.6 5.6 5.7 141.9 77.2 
SP1 7.39 2111 0.4 1.4 4.5 72.4 35.6 
SP2 0.07 1725 6.6 18.7 12.7   306 
SP2 0.32 1733 6.7 11.5 18.1   271.6 
SP2 0.46 1738 6.6 10.9 18.6   267.2 
SP2 0.9 1747 3.3 6.3 12.8   154.4 
SP2 6.11 1757 2.8 6.0 11.5   138.8 
SP2 6.31 1762 1.9 2.0 10.7   89.2 
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SP2 9.99 1771 6.2 8.4 12.7   217.2 
SP2 10.39 1777 5.4 6.2 9.9   175.6 
SP2 11.06 1786 4.3 4.0 10.4   142.4 
SP2 11.61 1795 2 3.3 9.8   97.6 
SP2 12.33 1803 2.7 3.2 7.8   100 
SP2 12.83 1808 2.2 4.7 7.4   102.4 
SP2 13.43 1814 3.2 2.2 10.1   109.2 
SP2 14.03 1818 2 3.0 6   80 
SP2 14.53 1825 2.1 3.3 7.2   88.8 
SP2 15.13 1831 1 4.1 7.7   79.6 
SP2 15.64 1839 1.9 4.3 7.1   93.2 
SP2 16.09 1844 2.4 4.6 9.5   113.2 
SP2 16.59 1851 2.2 4.7 8.5   106.8 
SP2 17.09 1857 2.4 6.3 11.9   136.4 
SP2 17.96 1869 4.7 9.2 11   192.8 
SP2 18.09 1876 5.5 8.5 16.9   223.6 
SP2 18.21 1882 5.2 11.1 16.6   238.4 
SP2 18.31 1887 5.4 8.4 16.6   220 
SP2 18.41 1893 5.1 7.2 14.6   197.6 
SP2 18.51 1899 5 8.5 14   204 
SP2 18.61 1905 4.9 9.3 11   196.8 
SP2 18.71 1911 4.4 9.9 11.4   195.2 
SP2 19.16 1916 2.4 4.6 9.2   112 
SP2 19.15 1921 1.1 4.9 5.3   78 
SP2 19.6 1925 0.8 1.6 2.9   37.2 
SP2 20 1933 0.4 6.8 3.4   74.4 
SP2 21.2 1938 0.8 1.6 4   41.6 
SP2 21.75 1943 0.8 3.3 5.6   61.6 
 
